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SUMMARY 
Reliable predictive modelling of the environmental degradation of adhesively bonded structures 
is required for a more widespread use of this joining technique. Recent durability modelling 
couples moisture diffusion and stress analysis where the joint response is controlled by contin- 
uum degradation of the adhesive. However, the joint response is more commonly controlled by 
degradation of the interface. The work presented in this thesis extends existing durability mod- 
elling to include interfacial degradation and failure. 
The moisture dependent interfacial fracture energy and mechanical properties of an adhesive 
have been characterised using a range of experimental techniques. These include characterisa- 
tion of the moisture diffusion using gravimetric techniques and a dual stage Fickian model; 
determination of the moisture dependent mechanical properties of bulk adhesive using thin film 
tensile tests; characterising the thermal and swelling behaviour using residual strain curved 
beams techniques and, determination of the interfacial fracture energy using Mixed Mode Flex- 
ure (MMF) and Notched Coating Adhesion (NCA) fracture tests. These fracture tests incorpo- 
rated the open-faced approach for accelerating the moisture uptake. 
FE analysis has been used extensively to characterise the linear elastic fracture mechanics 
(LEFM) parameters and for failure prediction analysis. These analyses used a coupled mechan- 
ical-diffusion response that include moisture dependent properties both with and without ther- 
mal and swelling effects. The moisture dependent interfacial fracture energy obtained showed 
a significant reduction, even at very low moisture concentration, and a remarkable consistency 
between the two quite different fracture tests. 
Rupture elements were developed to model the complete progression of damage within a joint 
from a single FE analysis. These rupture elements were formulated for mixed mode conditions 
and followed a separation law that used the fracture energy and the tripping strain as the con- 
trolling fracture parameters. These fracture parameters were first calibrated using the MMF 
fracture results and then applied to other joints with same adhesive/substrate system. This rup- 
ture element has successfully predicted the complete failure response of MMF and NCA spec- 
imens. Further application of this rupture element in FE models of other joints such as the single 
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lap and the thick adherend lap shear test showed very encouraging results. It was shown that the 
degradation was governed by the moisture diffusion performance. 
The work also characterised the failure locus using surface analysis techniques such as X-ray 
photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM). These analyses 
showed both a reduction of carbon overlayer thickness on the metal fracture surface, and a 
reduction in the amount of thicker "island-like" residues on the metal substrate with increasing 
moisture exposure. 
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CHAPTER 
1 
INTRODUCTION 
Adhesive joints have been extensively applied to modern structural design because they can 
perform specific functions where other joining methods, such as welding, riveting and bolting, 
fail. One of the functions of adhesives is the ability to joint different materials. Adhesive bond- 
ing also improves stress distribution, increases fatigue resistance, reliability and service life of 
a structure. The adhesive bonding process is simple to automate and is cost effective. This 
directly increases production and quality of a bonded structure. Adhesive bonds can reduce iner- 
tia and vibration of a moving component due to their low weight and damping properties. As a 
result, adhesive is used in modern structures. Today, the applications of adhesive extend from 
simple situations to strength demanding structures. Its application is in producing miniature 
products and high strength to weight ratio components such as honeycomb structures used in 
aerospace. Figure 1-1 shows two examples of the application of adhesives in aircraft and micro 
hard discs. Adhesive technology and its application will continue to grow. 
I\ 1' j 
Figure 1-1. Application of adhesive in aircraft and micro hard disk. 
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There are different adhesives such as neoprene and acrylo-nitrile elastomers, acrylic, nylon or 
vinyl thermoplastic resins, epoxy, phenolic, polyurethane and silicon thermosets. The mechan- 
ical properties of the adhesive can be altered by changing the chemical composition and prop- 
erties to achieve the desired strength requirement after polymerisation of monomers. High 
strength and toughness adhesives are normally employed in aerospace structures whereas lower 
strength adhesives are normally applied to less critical structural designs. 
In spite of the many applications of adhesive bonding, determination of adhesion strength and 
durability remains largely an empirical endeavour. Failure of adhesively bonded joints due to 
complex modes of loadings and environmental degradation can be seen in such structures. Envi- 
ronmental effects such as combination of moisture ingress, temperature and exposure time are 
the major factors in adhesive joint degradation. Catastrophic failure occurs as a result of unpre- 
dictable residual strength and service life and unreliable preventive maintenance. The uncer- 
tainty of the durability response and lack of reliable prediction tools restrict the wider use of 
adhesives in design. Table 1-1 shows the summary of advantages and disadvantages of applica- 
tion of adhesive. 
Table 1-1. Advantages and disadvantages of adhesive bonding 
Adhesive I Disadvantages 
Joint dissimilar materials and thin sheets material 
Improve stress distribution 
Design and production flexibility 
Convenient and cost effective 
Sensitive to environmental degradation 
Low creep resistance 
Unpredictable residual strength and service life 
Failure can be catastrophic 
Currently, extensive research and development is in process to enhance the durability experi- 
ments and prediction methodologies. There are a number of durability test methods employed 
to characterise the degradation and to identify the controlling parameters of durability. Agree- 
ment and disagreement of different tests results can overwhelm researchers and technologists. 
Predictive models have been proposed to handle the uncertainty of the strength of an adhesive 
but none have proved to be entirely effective. The use of computer simulation such as finite ele- 
ment (FE) analysis in adhesive durability prediction is emerging. Considerable research and 
development is still necessary to increase the level of confidence in predicting the durability of 
an adhesively bonded structure. 
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1.1 Durability Framework and Research Objective 
A durability framework for an environmentally degraded adhesively bonded structure has 
already been established as shown in Figure 1-2. The flow of the framework outlines the impor- 
tant degradation modes and controlling parameters that are needed for durability modelling. The 
moisture diffuses into the bonded joint through bulk and interfacial diffusion. Whether trans- 
ported thought the bulk or along the interface, the moisture then degrades both the adhesive and 
interface which will affect the failure criteria. The effect of stresses developed as a result of 
external loadings can affect the degradation and the degradation in turn can affect the stress dis- 
tribution. The coupling effect of the dependencies of degradation is complex and difficult to iso- 
late. If all the modes of degradation have been characterised, the controlling parameters and 
failure criteria of the bonded joint can be formed and used in predictive modelling. 
Moisture II Load II Moisture 
Bulk Diffusion --------------------- ---------------------9ý Interfacial Diffusion 
Stress 
Bulk Degradation Interfacial Degradation 
Structures 
Failure Criteria 
Residual Strength and Service Life Prediction 
Figure 1-2. Durability framework for environmental degraded adhesively bonded joint. 
The bulk d iffusion and d egradation characterisations h ave a lready b een c onsidered, as dis- 
cussed in Chapter 2. The predictive modelling associated with this bulk degradation has also 
been successfully implemented by an earlier researcher within the group. The effect of stress on 
bulk diffusion has also been considered. However, interfacial degradation, generally considered 
to be the most critical degradation, has yet to be considered. As a result, the main objectives in 
this research are to assess the interfacial strength parameters and to create a predictive model- 
ling approach for interfacial degradation in adhesively bonded structures. 
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1.2 Methodology and Thesis Structure 
The methodology of the research has been designed to achieve these objectives and is docu- 
mented in this thesis. Initially, a survey of literature was carried out to justify the relevance of 
this research and to identify methods developed by others that are useful in achieving the objec- 
tives. This is covered in Chapter 2. 
Experimental work was set up to determine both the bulk and interfacial degradation at various 
ageing conditions. The experimental works are covered in Chapter 3. This includes characteri- 
sation of the constitutive properties, degradation controlling parameters and interfacial strength 
at selected ageing environments. Ciba AV 119 adhesive and steel substrates were selected for 
this research. These works are broken down as follows: 
a. Characterisation of the diffusion response of the selected adhesive at a specified range of 
ageing environments and film thicknesses using a gravimetric approach. 
b. Measurement of moisture dependent bulk adhesive properties using quasi-static tensile tests 
carried out on exposed, thin dogbone specimens. 
c. Characterisation of thermal and swelling behavior of the adhesive at a specified ageing 
environment. 
d. Characterisation of the interfacial strength using two different fracture tests, namely MMF 
(Mixed Mode Flexure) and NCA (Notch Coating Adhesion), with accelerated moisture 
uptake process incorporated. 
Characterisation of the failure locus of the two fracture tests were carried out using surface anal- 
yses such as the Scanning Electron Microscope (SEM) and X-ray Photoelectron Scanning 
(XPS). This gave more information of where the failure occurred in an environmentally 
degraded joint and identified possible degradation mechanisms. This work is presented in 
Chapter 4. 
In FE modelling work, linear elastic fracture mechanics (LEFM) was used to characterise the 
moisture dependent fracture energy of the degraded interface. The modelling approach incor- 
porated the moisture dependent constitutive properties. The moisture dependent fracture energy 
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was obtained both neglecting and including residual adhesive strains. Analytical solutions for 
the fracture energy for both fracture tests were compared to the FE solution. This is covered in 
Chapter 5. 
Interfacial degradation modelling requires a special rupture element. This element is incorpo- 
rated into a finite element environment to simulate the progressive damage and crack propaga- 
tion along the degraded interface using the material properties obtained from the experimental 
work. The development of this rupture element is discussed in Chapter 6. Benchmark models 
were set up to check the rupture element and to identify the controlling parameter of the fracture 
process. 
In Chapter 7, the application of this rupture element was demonstrated by predicting the exper- 
imental results of the MMF and NCA tests using the moisture dependent properties obtained 
from Chapter 3 and Chapter 5. Calibration of the moisture dependent fracture parameters were 
carried out for the rupture elements both neglecting and including the residual strains. The full 
failure response of both tests are discussed in some detail. 
Other joints with same steel/AV 119 interface from different sources were selected for valida- 
tion purposes using the same moisture dependent fracture parameters obtained in Chapter 8. 
These joints are single lap joint and thick adherend lap shear test. The failure load of these joints 
were compared to the predicted results using the rupture element over a range of exposure times. 
Chapter 9 is the concluding chapter of this thesis. Key achievements of this research as well as 
suggestions for future work (both experimental and modelling) are presented. The research pre- 
sented has been consistently published throughout the period and the publications are listed in 
page v of this thesis. 
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CHAPTER 
2 
LITERATURE REVIEW 
In spite of the increased usage of adhesive bonding in structural applications, the determination 
of bond strength and durability remains largely empirical in nature. This can result in over con- 
servative design leading to structural redundancy or, conversely, to failure of adhesively bonded 
joints, typically due to the combined effects of complex modes of loading and environmental 
degradation. Environmental effects such as combinations of moisture and temperature are the 
major contributors to adhesive joint degradation, both in the cohesive and interfacial regions. A 
detailed review of the durability of adhesive joints is presented in this chapter. This includes the 
overviews of durability testing of bonded joints (Section 2.1), the moisture uptake of adhesives 
(Section 2.2), the residual stresses (Section 2.3), the moisture dependent mechanical properties 
of adhesive (Section 2.4) and, lastly, durability modelling approaches for the adhesive joint 
(Section 2.5). 
2.1 Overview of Joint Durability Tests 
Adhesive, as a polymer, is susceptible to moisture attack because it has hydrophilic properties 
that attract water molecules [1,2,3]. The hydrophilicity of an adhesive is contributed by the 
hydroxly (-OH) groups that can form hydrogen bond with water molecules. Moisture absorbed 
can act as a plasticiser, solvent or hydrolysis agent for some polymers and adhesives [4]. These 
contribute to the degradation of adhesive properties. The degradation of an adhesive system can 
take place with and without changing the molecular structure. The irreversible degradation 
involves permanent molecular damage such as hydrolysis (chain scission) and dissolution of 
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adhesive at higher moisture concentrations. At low moisture concentration, the hydrogen bonds 
between the hydroxly (-OH) groups along the polymer chains are disrupted by water molecules 
and plasticise the adhesive [4,5,6,7]. The plasticisation is removed when the water molecule is 
eliminated. The irreversible degradation is a result of chain scission (hydrolysis process), depo- 
lymerisation, undesirable cross-linking and bond changes [4]. A critical moisture concentration 
separates the reversible and irreversible degradation and this concentration has been detected by 
Lefebvre et al. [5]. 
Interfacial degradation also plays an important role in joint strength. It was shown that the pres- 
ence of water at the adhesive/substrate interface is thermodynamically feasible due to the pref- 
erence of a metal-water interface over a metal-polymer interface [2,8]. This promotes clustering 
of water molecules at the interface that displace the adhesive and substrate. The absorption and 
clustering of water causes hydrolysis of the adhesive, corrosion (oxidation) and cathodic delam- 
ination [9] at the interface that weakens the joint and its durability. Therefore, the two main 
adhesive joint failure sites are at the adhesive/substrate interface and in the cohesive region 
within the adhesive. These failures are illustrated in Figure 2-1 where the butt joint was loaded 
to failure after exposure to moisture. Cohesive failure occurred at the centre of the bond area 
and the rest was interfacial failure. Interfacial failure is more commonly noticed when the joint 
has been exposed to moisture. This is possibly due to the higher rate of degradation and rate of 
moisture diffusion along the interface. Nevertheless, the degradation of the bonded joint 
depends on the type of substrate and adhesive, the type surface pretreatment, the loading con- 
figuration and the ageing environment (moisture and temperature). 
I- 
I . -6, 
-v Epoxy 
A 
Figure 2-1. Failure locus of a butt joint exposed to moisture for degradation. Interfacial failure is mostly found in 
environmentally degraded joints [101. 
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Treatment of the bonding surface is necessary for obtaining good durability. In general, the sur- 
face treatment removes the layer of impurities on bonding surface, increases surface free energy 
to maximise intimate adhesive/substrate interaction and to generate specific surface topography 
for intrinsic adhesion. There are many types of surface treatment available depending on the 
type of substrate and durability performance required. Work by Rider [ 11 ], shows the important 
aspect of the surface preparation of aluminium in double cantilever wedge-style joints bonded 
with FM-73 adhesive and aged in a humid environment of 50°C and 95%RH. Surface analysis 
with X-ray photoelectron scanning (XPS) at the fracture surface near the crack tip region 
showed that the bond durability is sensitive to the preparation, contamination and the roughness 
of the aluminium surface. In addition, the presence of contaminant can interfere with the effec- 
tiveness of an organosilane coupling agent as a durability improver. 
Brockman [12] showed the effect of different surface treatments on steel substrates using single 
lap joints with two separate adhesives; a hot cured epoxy adhesive and a phenolic adhesive. The 
shear strength prepared from phosphate-coated steel was lower than the mechanically treated 
steel, despite the fact that phosphate coating is a very good treatment for paint. The low shear 
strength was attributed to the weak bond of phosphate coating with the phenolic adhesive and 
this adhesive is more sensitive to surface pre-treatment than the epoxy. The durability of another 
pair of adhesives were studied using a series of single lap joints bonded with Tegofiim (phenolic 
adhesive) and FM123/5 (epoxy adhesive) separately. The joints were exposed to the natural cli- 
mate in North Germany and to an artificial ageing climate (30°C, 95%RH) for one year. It was 
found that the phenolic bonded joints showed no interfacial failure for shotblasted steel sub- 
strate but clear interfacial failure, with corrosion at edges, was noted for substrates that were 
degreased only. The epoxy bonded joints showed small areas of interfacial failure for shot- 
blasted steel but pure interfacial failure for the degreased substrate. They concluded that the type 
of adhesive and surface treatment are key factors in joint durability. 
Harris and Beevers [ 13] studied the durability effect of a different type of grit blasting material 
and grit size (180/220 and 60) used to treat the mild steel and aluminium alloy substrates for lap 
shear and tensile butt joints. It was found that the initial dry strength was relatively independent 
of grit size in lap shear joints and showed 100% interfacial failure for all cases. However, the 
butt joint showed increasing interface failure from 30% to 70% by area after submerging in de- 
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ionised water at 60°C for 12 weeks. The work also suggested that the grit blasting process 
changes the surface chemistry of the substrate and affects the durability. The introduction of 
sodium (Na) from grit blast process increases the surface energy of the substrate and this has 
been attributed to the more rapid degradation when immersed in water at high temperature. 
Knox and Cowling [14] used the thick adherend lap shear joint and scrape test, bonded with 
AV 119 adhesive to distinguish between the durability performance of various surface pretreat- 
ments aged in 100%RH at 30°C. The surface pretreatments considered were the silanes (A187 
and SiP) and the corrosion inhibitors (Albritec and Accomet-C). The results showed that the 
silane primers increase the durability performance of the joint more than the corrosion inhibi- 
tors. The use of primer on well prepared surfaces increases the stability of the adhesive and 
adherend interface against the attack of water. 
Brewis et al. [ 15] studied the effect of surface treatment of aluminium on joint strengths after 
exposure to water. The result showed that the strength reduced progressively with increasing 
water uptake when the aluminium was etched and degreased. This was attributed to the hydro- 
lytic instability of the weak oxide layer formed on the aluminium. However, the strength of the 
joint increased when the aluminium substrate was anodised. The increase in strength was attrib- 
uted to the plasticisation of the adhesive together with the simultaneous process of relaxation of 
residual stress. 
Bowditch [ 16] showed the failure stress of a bulk adhesive mixed with inorganic fillers reduced 
after immersion for 2000 hours at 50°C. This was attributed to the separation of filler particles 
from the adhesive matrix after exposure. It was suggested that the particular filler has high sur- 
face energy and is sensitive to water attack. Progressive loss of strength associated with increas- 
ing exposure to water was also observed in an aluminium-filled epoxy adhesive. The increasing 
presence of aluminium signal detected by the energy dispersive spectroscopy at the fracture sur- 
face was attributed to the hydration of the oxide layer of aluminium that increased the alumin- 
ium filler on the fracture surface. In another work, the untreated silica filler shows a 46% drop 
in strength after exposure for 2000 hour at 40°C and only a 34% drop in strength when silane 
treated silica filler was used. This shows that the silane pretreatment increases the durability and 
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promotes adhesion. The loss in strength was attributed to the degradation of the bulk adhesive 
(plasticisation) and also the filler interface. 
An epoxy-bonded aluminium alloy, pretreated in various ways, was tested to discriminate 
between the surfaces pretreatment [16]. It was shown that 50°C water immersion could not dis- 
criminate the effect of surface pretreatment. However, when repeated at 40°C, entire discrimi- 
nation emerged with the phosphoric acid anodising (PAA) process showing superior durability. 
The order of the durability is as follows: PAA>CAA>CAA+PAD>SAA>SAA+PAD>acid 
etched where SAA is sulphuric acid anodised, CAA is chromic acid anodised and PAD is ano- 
dised surfaces subjected to a phosphoric acid dip. It was suggested that at the higher temperature 
the rate of degradation of adhesive was such that failures were exclusively cohesive, whereas at 
the lower temperature, the failure was found to be near interface and the influence of the surface 
preparation on the durability of the joints become apparent. This suggested that the degradaion 
occurred initially at the interface followed by the bulk plasticisation at 40°C for this system. 
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Figure 2-2. (a) The effect of moisture on the shear strength of an aluminium joint bonded with one part epoxy- 
based adhesives and exposed to 100% RH at 52°C [17]; (b) The effect shear strength after exposure to 5% and 
100% RH. Much strength was recovered when the degraded joint was vacuum dried at 90°C for 24 hours [ 18]. 
The joint strength is not entirely lost as exposure time increases, instead, a basic residual 
strength was obtained. This was supported by Minford [17], who showed the basic residual 
shear strength of different adhesives were obtained after exposure to a wet environment for 
extended times, Figure 2-2(a). Similarly, Orman and Kerr [ 18] showed the adhesively bonded 
joint strength reduced with increasing time of exposure to a wet environment but reached a lim- 
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iting residual strength as shown in Figure 2-2(b). The figure also showed that much bond 
strength was recovered after drying the exposed joint in a vacuum at 90°C for 24 hours. The 
recovered component probably originates from reversible effect of plasticisation whereas the 
non-recoverable strength is attributed to the permanent degradation of water attack. Gledhill et 
al. [19] showed a similar trend of degradation with butt joints after exposure to increasingly 
severe moisture environments and temperatures as shown in Figure 2-3(a). The figure also 
shows the increase of temperature accelerates the rate of the degradation process. 
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Figure 2-3. (a) The effect of temperature and relative humidity on the failure stress obtained using steel-steel butt 
joint at range of exposure times [ 19]; (b) Etched aluminium bonded with two part epoxies exposed to 100% RH at 
52°C [17]. 
In contrast to the above observations of reducing of bond strength, works of a similar kind 
[17,20,21] show evidence of insensitivity to moisture degradation. This observation has led 
Gledhill et at. [19] to conclude that there is certain critical water content, below which the joint 
can still retain its original strength. The increase of strength with moisture content does not 
seems possible knowing there should be a peak value where degradation can reduce the strength 
of a bond. Minford [17] showed that the joint strength passed through a maximum value then 
fell off as depicted in Figure 2-3(b). The increase of strength was attributed to the effect of stress 
relief, plasticisation and swelling that dominated the other adverse effects of water. The strength 
finally reduced when the degradation is far more pronounced than the plasticisation and swell- 
ing. A similar behaviour was also observed in [22] where various patterns of degradation were 
found with different adhesives using double overlap joints. Figure 2-4 shows the vinyl-phenolic 
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and nitrile-phenolic adhesive were essentially unaffected by the water attack over a long period 
time. However, the epoxy-novolac adhesive showed an increase in strength followed by a 
decline. On the other hand, the epoxy-polyamide loses strength at a greater rate. 
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Figure 2-4. Effect of exposure to a wet-hot environment on double overlap joints (unstressed) bonded with 
various adhesives: (a) epoxy novalac; (b) vinyl-phenolic; (c) nitrile-phenolic; (d) epoxy-polyamide [22]. 
Both cohesive and interface degradation mechanisms occur simultaneously and, depending on 
the domination of each mechanism, the failure locus could be in the adhesive, on the interface 
or a combination of both. Gledhill and Kinloch [10] suggested that loss in joint strength is 
caused by adverse effects of water on the interface rather than the bulk adhesive. Bowditch et 
al. [23] suggested that, for a given adhesive, susceptibility to interfacial hydrolytic attack 
increases with hydrophilicity of the adherend surface, where the water displaces the adhesive 
matrix from the adherend surface. Watts et al. [24] found no evidence of epoxy residue on the 
interfacial failure surface of adhesively bonded iron substrate exposed to water for 1200 and 
7500 hours using advance surface analysis technique such as X-ray photoelectron scanning and 
Time of Flight Secondary Ion Mass Spectrometry (TOF-SIMS). The evidence of interfacial fail- 
ure after exposure to a moist environment is well accepted but not all interfaces are prone to 
attack by water. The interfacial degradation is governed by the diffusion rate, local water con- 
centration and the type of adhesive/substrate interface. 
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In summary, surface treatment is an important factor in obtaining good durability and stability 
of the interface against moisture attack. Moisture level, temperature and exposure time controls 
the rate of degradation in both cohesive and interface regions. Types of adhesive show different 
levels of hydrophilicity which affect the rate of degradation. Adhesives which have highly 
polarised molecular chains show greater degradation [2]. Examples of these adhesives are 
epoxy-polyamides with acrylonitrile rubber as a toughening agents. The absorbed moisture dis- 
rupts the intermolecular bond of the adhesive and weakens the mechanical properties. This phe- 
nomenon is called plasticisation [2]. Plasticisation of adhesive and relaxation of internal stress 
may increase the joint strength provided that the limit of water content in the adhesive is not 
reached as shown in upper curve in Figure 2-5. Otherwise, further strength reduction is 
expected. In certain circumstances, the joint strength is unaffected by the degradation if both 
plasticisation and interfacial weakening are balanced below a certain value of water content as 
indicated in the middle curve. A residual strength is obtained when interfacial degradation dom- 
inates as exposure continues. The lower curve shows the degradation of a joint mainly attributed 
to interfacial weakening with no significant plasticisation occurring. For all cases, the degrada- 
tion reaches a threshold residual strength at the solubility limits, where the rate of reduction has 
significantly reduced. A further review can be obtained from Beevers [25]. 
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Figure 2-5. Summary of various degradation trend observed in adhesively bonded joints. 
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2.2 Moisture Uptake of Adhesives 
In the previous section, it has been shown that the attack of moisture in any structural adhesive 
such as phenolic, epoxy or acrylic resins can reduce the strength of a bonded joint. It was also 
evident that higher temperatures can lead to accelerated degradation of adhesively bonded 
joints. Adhesive can absorb water up to a maximum of about 10% of moisture by mass depend- 
ing on the chemical structure, adhesion characteristic, stress state, exposure time and environ- 
ment (water concentration and temperature). It is well accepted that the rate of degradation of a 
joint is governed by the moisture absorption performance of the adhesive. The analytical solu- 
tions of moisture diffusion have been developed based on Fick's law [26] and are widely used 
in modelling the degradation in adhesively bonded structures. 
Several techniques have been adopted to measure the uptake behaviour of an adhesive. They are 
gravimetric measurement, dielectric spectroscopy, infra-red spectroscopy, viscosity dependent 
flourescence and reflective coefficient sensing. The dielectric measurement (a type of Non- 
Destructive Examination method to identify voids, broken bonds and defects) has been shown 
to give the uptake data close to the gravimetric measurement [27,28] by detecting the change of 
the dielectric constant due to the absorbed water. Linossier et al. [29] demonstrated the use of 
infra-red spectroscopy to study the moisture transport along the polymer/substrate interface. 
Except for gravimetric measurements, the other methods are costly and awkward to implement 
and have not been significantly reported in the literature. 
The most common method used to quantify diffusion is the gravimetric measurement [30-32] 
because it gives an estimation of total change in weight due to moisture diffusion. A known 
dimension of bulk adhesive with low thickness to width and length ratios can provide one 
dimensional diffusion data in a relatively short time. Thin bulk adhesive films can be prepared 
using one of many common methods [33-36]. The bulk adhesive is then placed in a liquid or 
vapour environment at a known temperature to start the uptake process. This method requires 
manual intervention and removal from the environment to measure the weight gained at prede- 
termined time intervals. A thin bulk adhesive specimen also tends to minimise edge effects, 
where significant levels of moisture accumulate. In fact, Shen and Springer [31] give a very 
good account of the experiment procedure. 
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2.2.1 Experimental Characterisation 
The study of moisture uptake characteristics has been ongoing for over a century but there is no 
universal agreement on the diffusion model that predicts the moisture uptake response. There 
are several factors that influence the diffusion characteristic such as temperature, moisture con- 
tent of the environment and type of adhesive. The mathematics of diffusion can be found in [26] 
where the Fickian diffusion model is presented. 
Althof [30] has characterised the moisture uptake of five aircraft structural adhesives (FM73, 
BSL313A, AF126-2, FM123-5 and REDUX 775) at six different climates (70%RH at 20°C and 
40°C; 95%RH at 20°C, 40°C, 50°C and 70°C). Both bulk and aluminium-adhesive laminates 
were considered and stored in these climates for a year. In general, the equilibrium uptake of 
bulk and laminates were similar at each climates except the FM123-5 at 95%RH/70°C. The dif- 
fusion coefficients were found to increase with relative humidity as well as temperature. Swell- 
ing of the bulk adhesive and formation of bubbles at the edge of the laminates were normally 
seen when exposed to temperatures higher than 50°C. This resulted in a greater amount of mois- 
ture absorbed after the apparent Fickian uptake (abnormal mass uptake). A change of colour of 
FM73 and REDUX 775 adhesive was observed after 200-300 days of exposure. This indicated 
a chemical change of the adhesive and highlighted the possible disadvantage of using elevated 
temperature to accelerate adhesive degradation, generating a degradation mechanism that 
would not often occur in actual service conditions. 
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Figure 2-6. Equilibrium mass uptake as a function of relative humidity. A power law relationship proposed to fit 
the response [31]. 
Springer et al. [31 ] carried out a gravimetric experiment on rectangular sheets of composite 
(Graphite T300 Fiberite 1039) exposed to humid air and liquid water at 27°C to 177°C. The 
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experimental results were in agreement at all temperatures with the Fickian diffusion model 
which showed a linear increase in mass with the square root of time and leveling off towards an 
equilibrium value at extended time. They found that even though the temperature did not affect 
the equilibrium state of uptake, it affected the time to reach maximum water concentration. This 
showed the dependency of the diffusion coefficient on temperature. The work also suggested 
that the relative humidity affects the equilibrium uptake as shown in Figure 2-6. They advanced 
even further by proposing that there is a simple power law (equation in Figure 2-6) relating 
equilibrium uptake to the relative humidity of the environment. 
Brewis et al. [33] charaterised the moisture absorption of DGEBA-DAB epoxy adhesive when 
exposed to a range of relative humidities at 50°C. It was found that all moisture uptakes are Fick- 
ian. The diffusion coefficients and saturation levels were found to increase with relative humid- 
ity as shown in Figure 2-7. 
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Figure 2-7. Effect of relative humidity on (a) the diffusion coefficient and (b) the saturation of moisture in 
DGEBA-DAB epoxy adhesive exposed at 50°C [33]. 
Brewis et al. [37] characterised the solubility and diffusion coefficient of six different epoxides 
made up mainly of diglycidylether of bisphenol A (DGEBA) with six different hardeners. These 
adhesives were exposed to water at 25°C, 45°C and 70°C. The mass gained was measured peri- 
odically. Fickian diffusion was observed for all six epoxides. The diffusion coefficient at 25°C 
was not significantly different and an average value of 1.7x10-13 m2/s was obtained. At higher 
temperatures, differences in diffusion coefficient were significant for the range of hardeners 
used. This was attributed to the change from a glassy to a leathery state of the adhesives when 
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the exposed to temperature above the individual transition temperature. Similar to [31], the 
equilibrium uptake of each individual adhesive was similar for all temperatures considered. Fol- 
lowing this, Brewis et al. [38] showed that diffusion coefficient was independent of moisture 
concentration of exposure but the equilibrium uptake increased with moisture concentration of 
the exposed environment. 
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Figure 2-8. Effect of water vapour activity (equivalent to relative humidity) on (a) the diffusion coefficient and 
(b) the saturation of moisture in DGEBA-DAPEE epoxy adhesive exposed at 50°C [38]. 
El-Sa'ad et al. [39] investigated the moisture absorption characteristic of bisphenol epoxy adhe- 
sives containing between 8% and 12% rubber particles by weight when exposed to 23 and 60°C 
in atmosphere with 12,76 and 100%RH. It was found that the saturation levels increase with 
relative humidity as well as temperature as shown in Figure 2-9(a). The diffusion coefficient 
was found to decrease substantially with increasing relative humidity especially at higher tem- 
perature as shown in Figure 2-10(b). This observation is in contrast to [33,38]. 
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Figure 2-9. Variation of (a) saturation level and (b) diffusion coefficient with relative humidity and temperature 
[39]. 
Brewis et al. [40] studied the uptake behaviour of two nitrile-phenolic (NP1 and NP2) and 
vinyl-phenolic (VP) film adhesives. They showed that the NP1 adhesive absorbed water to 
attain a maximum weight and then slowly decreased in weight until a steady value was reached 
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when exposed at 50°C (Figure 2-10(a)). This was attributed to the leaching of material from the 
bulk specimen. When the same specimen was dried and the uptake was repeated, Fickian diffu- 
sion was observed. This was attributed to the leaching of material when initially exposed. Fick- 
ian diffusions were observed when NP2 (Figure 2-10(b)) and VP were exposed to the same 
ageing environments. 
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Figure 2-10. Moisture uptake characteristic for NP 1(a) and NP2 (b) exposed to water at 50°C [40]. 
Wright [41] showed the equilibrium moisture uptake increases with relative humidity for two 
different epoxy resins (MY750 and 5208) but the rate of increase is different between the two 
as shown in Figure 2-11(a). The increasing trend was also observed where the diffusion coeffi- 
cient increased with temperature especially above 50°C and 60°C (see Figure 2-11(b)). 
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Figure 2-11. Effect of relative humidity and temperature on the equilibrium uptake (a) and diffusion (b) for range 
of adhesive and composite [41 ]. 
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Figure 2-12. Moisture uptake of T300/934 graphite epoxy composite material at temperature of 45°C, 60°C, 75°C 
and 90°C [42]. 
In some cases, moisture uptake response may diverge from the theoretical Fickian diffusion. 
Zhou et at [42] has studied the effect of moisture absorption on the unidirectional T300/934 
graphite epoxy composite material at temperature of 45°C, 60°C, 75°C and 90°C. The initial 
linear stage of moisture absorption matched the theoretical profiles very closely for all exposure 
temperatures as shown in Figure 2-12. The experimental data at the lower temperature (45°C) 
showed greater agreement with the Fickian diffusion. At 75°C, the uptake curves showed a dual 
stage behaviour where the second stage deviated from the Fickian diffusion. At 90°C, the reduc- 
tion of mass gained after the linear Fickian diffusion was attributed to the dissolution of resin at 
the exposed surface, observed when examined with Scanning Electron Microscopy (SEM). 
Cracks and delaminations were observed at both 75°C and 90°C. These were responsible for the 
deviation from the Fickian diffusion. Zhou et at [43] investigated other ranges of adhesives 
(TGDDM-DDS, DGEBA-mPDA, Fiberite 934) at the same exposure environment and found 
that all show Fickian diffusion. The saturation levels of these adhesives were not affected by the 
range of temperatures. 
Non-Fickian diffusion was also observed when Roy et al. [44] exposed both epoxy and urethane 
adhesive to salt solution and brake oil respectively over a range of temperatures (see Figure 2- 
13). It was shown that the experimental data was best fitted with a non-Fickian model with a 
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time varying diffusion coefficient. Roberts and Yates [45] carried out moisture uptake experi- 
ments on thin film diffusion behaviour of Ciba AV 119 in environments of 60°C at 70%RH and 
30°C in water immersion. The initial uptake behaviour shows simple Fickian response, with 
only slight evidence of sub-Fickian behaviour at the crook of the curve. However, in the latter 
case, the experimental data lies significantly below the equivalent simple Fickian curve. 
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Figure 2-13. Anomalous uptake of epoxy adhesive when exposure to salt solution [44]. 
De Neve and Shanahan [46] observed a dual stage uptake when exposing the DGEBA/Perma- 
bond ESP470 epoxy adhesive to water and relative humidity of 100% at an elevated temperature 
of 70°C. The first stage uptake showed a linear Fickian response. However, the second uptake 
stage was due to hydrothermal ageing of the adhesive, resulting in changes to its mechanical 
properties through plasticisation. 
Hambly et al. [47,48] investigated the uptake characteristic of thin film adhesives (0.4mm) 
made of Permabond E32 and Ciba AV 119 at 22°C and 55°C submerged in water. The results 
showed that a constant diffusion coefficient Fickian model failed to reproduce the experimental 
data. However, improved prediction was obtained when a variable diffusion coefficient Fickian 
model was used. A dual stage Fickian diffusion model, which consisted of two separate single 
Fickian model, was investigated and shown to model the anomalous uptake well. At the same 
ageing environment, moisture uptake was carried out with stress applied to the bulk adhesive 
[47]. The stress level was set at 8MPa and 16MPa for AV 119 and 2MPa, 6MPa and 12MPa for 
E32. It was found that E32 was not very resilient under simultaneous stress and moisture uptake, 
especially at stress level of 6MPa and 12MPa. On the other hand, AV 119 did not fail prema- 
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turely. In general, it was found that the diffusion rate increased with the level of stresses applied. 
The effect of stress on equilibrium mass uptake is still not clear. Other non-Fickian moisture 
diffusion examples can be found in [49,50]. Cai and Weitsman [51], Gurtin and Yatomi [52], 
and Carter et al. [53] have proposed different nonlinear diffusion parameters to model anoma- 
lous diffusion in polymeric and composite materials. As with Fickian diffusion, these non-Fick- 
ian diffusion models are not universally applicable to all systems. 
Dawson [54] studied the diffusion into AV119/steel joints at 60°C in water using gravimetrc 
measurement and dielectric measurement techniques. It was found that diffusion coefficient in 
the joint (6.7x10-12m2/s) was significantly higher compared to bulk diffusion coefficient 
(6.4x10-13m2/s). This is attributed to the capillary diffusion along the interface of the adhesive 
and the substrate. Similar conclusions were made by Zanni-Deffarges et al. [55] when compar- 
ing the bulk diffusion (1.4x10-12m2/s) with the bonded joint diffusion (5.3x10-12m2/s) obtained 
at 70°C/100%RH. 
Wahab et al. [56] characterised the effect of the interface on the water uptake using a laminated 
`diffusion disc' consisting of a layer of cast AV 119 adhesive on a perforated aluminium foil. A 
comparison was made between the water uptake in this `diffusion disc' with a disc shaped bulk 
adhesive of the same area of exposure. Both discs were exposed at 60°C in water and periodi- 
cally measured for mass gained. It was found that the diffusion flux in the laminated disc was 
about 50% higher than the bulk adhesive. 
In summary, it is consistently accepted that the equilibrium uptake increases with increasing RH 
However, there is much less dependence on temperature. A simple power law has been pro- 
posed by Shen and Springer [31 ] to relate the equilibrium uptake with the RH (Equation (2-1) 
where 0 is the relative humidity; a and b are measured constants. 
mwt. =alb (2-1) 
From the above, it can be concluded that the variation of the diffusion coefficient with RH can 
show an increasing, unchanged and decreasing relationship with different systems. However, 
the diffusion coefficient is strongly governed by the exposure temperature. Equation (2-2) has 
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been proposed to relate the diffusion coefficient D with the exposed temperature T (K) using the 
Arrhenius relationship; where Do is the absolute diffusion coefficient, His the activation energy 
and R is the universal gas constant. 
H 
D= Doe RT (2-2) 
When considering the uptake characteristic of polymeric and composite materials, both Fickian 
diffusion and non-Fickian diffusion behaviours can be found as shown in Figure 2-14. The 
reason for the non-Fickian diffusion is targeted toward the change of microstructure of the poly- 
mer/composite when exposed to elevated temperature and high moisture concentration. Dual 
stage uptake behaviour shows initial Fickian diffusion followed by a reduced diffusion rate, 
finally reaching the saturation level at extended exposure times. Leaching behaviour is observed 
when dissolution of adhesive occurs. Abnormal increase of mass uptake after initial Fickian dif- 
fusion was attributed to increasing volumetric expansion and microstructure degradation. Sev- 
eral non-Fickian diffusion models have been shown to successfully predict the anomalous 
moisture uptake, but they are not applicable to all systems. The effect of stress on diffusion still 
needs to be addressed in the future. A list of diffusion parameters for a range of adhesives gath- 
ered from the reviewed literatures are listed in Table 2-1. 
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Figure 2-14. Typical Fickian and non-Fickian uptake behaviour found in adhesive or composite material. 
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Table 2-1. List of moisture diffusion parameters obtained from a range of adhesive and exposure environments 
Ref. 
Adhesive/ 
Composite Temperature, °C % RH Dx 10-13 (m2/s) 
Saturation, 
%mwt, Fickian 
[30] FM73 20-40/20-70 70/95 2.8-8/1.7-11.7 1-1.2/2-10 Yes-No 
BSL313A 70/95 1.4-1.9/0.7-0.83 1.6-1.9/3-18 Yes-No 
AF126-2 70/95 1.7-5/na 1.3-1.6/2.5-11* Yes-No* 
FM123-5 50-70 95 1.4-na 13*-40* No 
REDUX 775 55-95 1.9-na 10*-12* No 
[46] Graphite T300 27-177/77 90/0-100 0.1-100/2.6 na/0-1.5 Yes Fiberite 1039 
[33] DAB h 50 23-100 7.2-14 0.54-2.1 Yes 
[37] DAPEEh 25-70-100 water 1.3-36-500 5-4.2-4.9 Yes 
TETA h 1.6-4.5-170 3.8-3.2-3.89 Yes 
DAB h 1.9-13-49 2.3-3.2-1.9 Yes 
DDM h 0.1-2.1-20 4.1-1.4-4.04 Yes-Nod' 
DMP h 2-21-380 4.4-4.0-3.89 Yes 
[38] DAPEEh 48 30-100/water 9.3/7.9 1-5.0/4.7^ Yes 
[39] epichlorhydrinh 23/60 12-100 0.75-0.5/3.6-0.3 0.3-2.4/0.5-11 Yes 
[40] NP1 25/50 water 33/47 1.5/4.5^ Yes/No^ 
NP2 water 16/32 2.38/1.72 Yes 
VP water 18/23 3.5/8.6 Yes 
[41] MY750/5208 0.2-90/25-80 0-100 - 0-7/0-2.5 Yes 
MY750/5208 0.2-90 100 0.3-63/0-20 - Yes 
[42] T300/934 Graph- 45-75-90 water 2.87-14.3-36.3 1.2-1.5-1.5^ 
Yes -Nod'- 
^ ite Epoxy No 
[43] DGEBA-niPDA 45-75-90 water 3.35-13.5-31.4 3.35 Yes 
TGDDM-DDS water 3.13-11.5-23.5 6.80 Yes 
Fiberite 934 2-8.96-13.4 6.95 Yes 
[45] AV119 30/60 water/70 0.32/1.3 5/3.5 
[47] E32 22 water 0.16 9.7 Nod' 
AV119 22/55 water 0.29/1.3 5.1/6.6 Nodal 
* abnormal mass uptake; na - not available; ^ leaching; 
h hardener for DGEBA; ' dual stage; 
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2.2.2 Modelling of Moisture Diffusion 
Part of numerical modelling in assessing the environmentally degraded response of bonded 
joints is to find the temporal and spatial distribution of moisture within the adhesive layer. This 
then allows coupled diffusion-mechanical analyses to be undertaken. Analytical solutions for 
moisture distribution as a function of time in homogenous materials exposed through one or 
both sides to moisture are available in [26,57]. The uptake characteristic of the adhesive was 
first determined experimentally as described in previous sections to obtain the diffusion param- 
eters such as diffusion coefficient and equilibrium uptake at particular ageing environments of 
interest. These diffusion parameters were then used in modelling diffusion in bonded joints. 
Normally, the bulk diffusion is assumed as the primary transport of moisture into the adhesive 
layer although it was shown that interfacial or capillary diffusion may play an important role in 
joint durability [54-56]. 
Crocombe [58], makes a comparison between the finite element (FE) diffusion solution and a 
one-dimensional analytical solution in a single lap joint. The variation of concentration with 
time determined by the FE solutions shows a good agreement with the analytical solution. This 
agreement is also shown by Hinopoulos and Broughton [59] using a one dimensional moisture 
uptake model. ABAQUS code was used to model the transient diffusion process of the adhesive 
with only one element in the thickness direction. The mesh was refined near the edge of the 
adhesive where high concentration gradients were expected. The moisture concentration at the 
exposed edge ofthe adhesive was assumed to be instantaneously saturated. The steps of analysis 
were specifically chosen to allow comparison with the analytical result of Shen and Springer 
[31]. Again, from the result, one-dimensional linear Fickian analysis shows good agreement 
with one dimensional diffusion problem in FE. 
Hambly et al. [47] modelled the moisture uptake of E32 adhesive in a butt joint using dual stage 
Fickian diffusion parameters and evaporative boundary condition obtained from experiment 
results. Both the diffusion and evaporative process in moisture uptake were modelled using the 
heat conduction and convection process in heat transfer analysis respectively. An eighth of the 
adhesive layer was modelled in three dimensions and the moisture was diffused through the 
exposed edges. A fine mesh was generated at regions of high moisture concentration profiles. 
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Hinopoulos and Broughton [59], first modelled the moisture distribution in a T-peel specimen. 
In the model, a higher value of diffusion coefficient of 6.7x10-12m2/s was used instead of 
6.4x 10-13m2/s (obtained from bulk samples) due to the different uptake behaviour of the bonded 
joint. The resulting moisture distribution along the overlap was symmetric and decreased 
steadily to a dry state at the centre of the overlap. However, it was found that a one dimensional 
analytical solution underestimated the moisture absorption at the wider end of the fillet. This is 
because the one-dimensional expression cannot solve the moisture distribution across the bond 
line thickness. The second case studied was the moisture ingress of a perforated single lap joint. 
It was found that the moisture distribution varies only slightly between coarse and fine mesh but 
the mesh density will affect the accuracy of the subsequent mechanical analysis. Typical mois- 
ture distribution of the adhesive layer in perforated and unperforated joints are shown in 
Figure 2-15. 
Figure 2-15. Moisture contour maps ut adhesive lay er for perforated (le 1t) and unperforated (right) joint [59]. 
It is impossible to use a single Fickian diffusion model to predict the uptake response for all 
adhesives. Most adhesives differ chemically and physically and each of the uptake experiments 
should be treated uniquely although some characteristics may be represented by simple Fickian 
diffusion. Dual stage uptake experimental observations cannot be modelled using simple Fick- 
ian diffusion. A modified uptake model with variable diffusion coefficient or gradual boundary 
equilibrium conditions can be used to model the uptake characteristic. Hydrothermal and stress 
conditions may change the uptake characteristics of an adhesive. 
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2.3 Residual Stresses 
Residual stresses have been the subject of much study over the last 70 years. Losi and Knauss 
[60] gave a good overview of investigations of temperature and time dependent behaviour of 
polymeric material systems subjected to thermal loading. Adhesives are a thermoviscoelastic- 
plastic polymeric material that can expand or contract when experiencing change in temperature 
over a period of time. The curing process of an adhesive and thermal cycling environments can 
induce thermal stress and strain as well as altering the mechanical properties when bonded to 
stiff elastic substrates. This residual stress and strain can lead to damage and debonding and thus 
affects the durability of adhesively bonded joints. 
Dillard et al. [61] explored the failure of bi-material systems under thermal stresses developed 
by a cyclic temperature environment and temperature dependent viscoelastic behaviour ofpoly- 
mers using both one-dimensional analytical and a two dimension numerical approach. It was 
suggested that debonding was due to thermal cycling resulting from mismatch of the coefficient 
of thermal expansion (CTE) of the adhesive and substrate(s). This generated concentration of 
shear and peel stresses near the interface after sufficient cyclic thermal exposure. This was also 
observed by Gorce et al. [62]. Although these works focused on the thermal cycles, they stated 
that the effect of absorption and desorption cycles of moisture could produce the same effects. 
A comprehensive work by Nakano et al. [63] shows the effect of both circular holes and rigid 
fillers contained in an adhesive on the thermal stress distribution in adhesive butt joints. Both 
an analytical method and a photoelastic experiment were carried out and showed that the stress 
concentration occurs at the hole or filler periphery and its magnitude varies with the hole or 
filler size and location. It was found that the stress concentration affects the stress distribution 
at the interface between the substrate and adhesive which often becomes singular at the edge of 
the interface. They concluded that both the stress concentration at the hole or filler periphery 
and the stress singularity at the edge of the interface play an important role in determining the 
joint strength. 
Nairn [64] emphasised the effect of residual stress on energy release rate analysis for adhesive 
and laminated DCB specimens. It was found that the consequence of ignoring the residual stress 
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is that one measures an apparent toughness instead of a true toughness. Other than thermal 
strain, exposure of adhesive to a moist environment also produces swelling strain. 
Adamson [36] characterised the swelling of Hercules 3501 resin when exposed to water at 40 
and 74°C. The swelling of the resin at both temperatures are shown in Figure 2-16. It was found 
that the increased volume of the resin recorded was less than the volume of moisture absorbed 
(dashed line). This was because, in the initial stage (region I), most of the water entered vacant 
sites in the polymer network, filling the free volume and hence did not produce swelling. In later 
stages (region II), when most of these sites were filled, the absorbed water distorted the polymer 
network and contributed to the swelling. The swelling stopped when the maximum moisture 
level was reached in region III. A free volume of 2.6 to 3% was estimated and indicated in the 
figures for both exposed temperatures. The swelling was larger at higher temperature for a given 
moisture level. 
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Figure 2-16. Swelling efficiency of Hercules 3501 resin when exposed to water at (a) 40°C and (b) 74°C [36]. 
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El-Sa'ad et al. [39] characterised the swelling of DGEBA filled with 8% and 12% rubber when 
exposed to 23,40 and 60°C in water. The increase of volume as a function of volume of moisture 
absorbed for both 8% and 12% rubber filler are shown Figure 2-17. It was found t hat the 
increased volume of the resin was less than that of the volume of the water absorbed (dotted 
line). The same reasoning given by Adamson [36] was used to explain this behaviour. The 
swelling of the polymer also increased with exposure temperatures. 
Chang et al. [65] estimated the swelling strain using a dogbone specimen after exposure to 
moisture. It was found that the swelling strain showed linear relationship with the percentage 
relative humidity. This was also observed in [36,39,41] where the swelling was proportional to 
the moisture content and also increased with exposed temperature. 
In summary, changes in temperature affect adhesive bonds by inducing thermal stresses in the 
system and by changing the mechanical properties of the viscoelastic adhesive. Residual stress 
could potentially reduce the useful life of adhesive bonds and polymeric materials in a variety 
of applications because of the stress concentration at the edge of the interface. Moisture ingress 
can induce swelling strain in the adhesive that can increase the strength of the bonded joint by 
relaxing the thermal stress or induce delamination when excessive swelling occurs. 
2.4 Moisture Dependent Mechanical Properties 
Numerous test methods exist for characterising the strength of adhesives and bonded joints in 
terms of fatigue resistance, durability behaviour and creep response. All these tests can be 
divided into those methods that provide mechanical properties of the adhesive and those meth- 
ods that determine only the quality of the adhesively bonded joint. Moisture dependent consti- 
tutive properties are determined from bulk adhesives and from bonded joints when exposed to 
controlled environments for moisture uptake. Such constitutive properties are shear modulus, 
tensile modulus, Poisson's ratio, yield and ultimate stresses of the adhesive. Fracture energy is 
characterised using fracture tests and such properties may be dependent on the type of joint and 
surface treatment. These properties are necessary for coupled diffusion-mechanical analysis in 
predictive modelling. 
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2.4.1 Constitutive Properties of Adhesives 
Bulk adhesive testing is generally the preferred approach for generating constitutive properties 
of the adhesive. The bulk specimen is first exposed to the environment for degradation and then 
tested to obtain the properties corresponding to the moisture level. An alternative approach for 
determining mechanical properties of adhesives is to use specially designed joint geometries 
with a thin bondline such as thick adherend shear tests. 
Gledhill and Kinloch [10] carried out tensile tests on DGEBA/HY 959 epoxy adhesive using 
dogbone specimens with a gauge length of 30mm and a cross sectional area of 12mm2. These 
specimens were tested at 20°C at constant strain rate of 1.4 x 10-3s 1 after exposure to water at 
temperatures of 20°C, 40°C, 60°C and 90°C. It was found that the failure stress was not partic- 
ularly affected (see Figure 2-18) except at 90°C where the failure stress decayed with ageing 
time. This supported their earlier fundamental suggestion that less aggressive environments 
hardly degrade the adhesive. 
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Figure 2-18. (a) Failure stress of DGEBA/HY 959 epoxy adhesive after exposure to a range of moisture levels 
[10]; (b) Tensile strength and Young's modulus of initially wet (4%mwt) and dry TGDDM-DDS epoxies as a 
function of test temperature [66]. 
Morgan et al. [66] carried out a tensile test on tetraglycidy-4,4'-diaminodiphenylmethane-4,4'- 
diaminodiphenylsulphone (TGDDM-DDS) adhesive using d ogbone specimen with a gauge 
length of 30mm with cross section of 4x0.6mm. The specimens were exposed to a range of 
moisture contents and tested at a range of temperatures at a constant strain rate of O. Olmin 1. 
The results (see Figure 2-18) of the tests showed that the elastic modulus and ultimate tensile 
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strength all decrease with increasing moisture content at test temperatures of 23°C to 150°C. 
These results were attributed to the disruption of the hydrogen bond between the hydroxyl group 
in molecular chains by the highly polarised water molecules and hydrolysis. This weakened the 
molecular bond and causes plasticisation. 
Zanni-Deffarges and Shanahan [55] carried out tensile tests and torsion tests on DGEBA/ 
TGMDA-DICY epoxies using bulk specimens and torsional joints respectively. The torsional 
joint consists of a hollow cylinder bonded to a stainless steel plate with known adhesive thick- 
ness. The bulk specimens and the torsion joints were loaded at a constant crosshead speed of 
1 mm/min and constant angular displacement respectively. The elastic modulus of dry epoxies 
fell by 20% after conditioning at 70°C and 100%RH for both cases as shown in Figure 2-19(a). 
Although both show approximately the same reduction, the trend of reduction is rather different 
where the elastic modulus from the torsion joint decreases much more rapidly than that from the 
bulk. This rapid reduction of modulus is attributed to the higher rate of weakening at the inter- 
face as a result of interfacial moisture diffusion. Similarly in [46], the torsion tests were carried 
out on DGEBA-Permabond ESP470/Aluminium joints after exposure to the same conditioning 
as above. It was found that the adhesive shear modulus apparently decrease with ageing time as 
shown in Figure 2-19(b). 
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Figure 2-19. (a) Evolution of Young's modulus for bulk and torsional samples [55]; (b) Adhesive shear modulus 
vs. time of ageing [46]. 
De Neve et al. [67] characterised the mechanical properties of DGEBA cured with dicyandia- 
mide (DDA) containing filler after ageing in water vapour (100%RH) at various elevated tem- 
perature (40,55 and 70°C). It was found that the Young's modulus reduced after long exposure 
to water but returned virtually to its original value after drying as shown in Figure 2-20. The 
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reduction of the modulus is due to the water molecules that weaken the molecular bond and 
allow higher molecular stretching. However, when these water molecules are removed, the 
modulus returns to the original value. These data suggest strongly that reversible damage is 
occurring to the polymer after sufficiently long exposure to water. 
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Figure 2-20. Elastic modulus after ageing and ageing/drying at 40°C [67]. 
Other similar work by Robert and Yates [45] tested bulk AV 119 after exposure to two different 
environments, at 30°C in water and 70%RH at 60°C. The test results showed that the elastic 
modulus of the specimens aged in water at 30°C decreases from 315OMPa at dry condition to 
2780MPa at saturated condition (5% moisture content). An 11.1% drop in modulus was noted 
for 3.5% moisture content when exposed at 70% RH/60°C. 
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Figure 2-21. Effect of moisture degradation on (a) elastic modulus and Poisson's ratio [59] and (b) glass 
transition temperature of AV 119 [69]. 
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Hinopoulos and Broughton [ 59] tested some b ulk AV 119 specimens 2to 3mm thick a ter 
ageing them in distilled water at 60°C. The specimens were made according to ISO 527: 2 [68] 
and testing was performed under ambient conditions (23°C, 50%RH) at a constant displacement 
rate of 1mm/min. The results showed a 35% reduction of elastic modulus and 20% reduction 
for Poisson's ratio of AV 119. The strain to failure steadily increased with conditioning time and 
noticeable plasticisation and necking was observed in specimens that were conditioned for up 
to 5 days. Brittle failure was noted for test samples exposed for 12 days which led to a lower 
failure strain. This led them to suggest that the brittle failure mode was attributed to the chemical 
degradation of the epoxy resin due to the extended period of environmental conditioning. It is 
generally agreed that the moisture ingress in the adhesive causes plasticisation of bulk material 
and increases of strain to failure. As a result, the elastic modulus, and ultimate tensile stress 
reduce as moisture content increase. 
The effect of moisture on glass transition temperature is rather complicated. However, deter- 
mining the response of the transition temperature due to moisture provides durability informa- 
tion about the glassy or rubbery state of the adhesive. This can be accomplished with DMTA 
(dynamic mechanical thermal analysis) tests. DMTA techniques enable the determination of 
transition temperatures, storage modulus and loss modulus of the sample over a wide rage of 
temperatures (-150°C to 800°C). De Neve and Shanahan [46] carried out a DMTA test on a 
DGEBA-dicyandiamide epoxies adhesive to investigate the effects of moisture degradation on 
the glass transition temperature. The DMTA test conducted in compression-compression mode 
at a frequency of 5 Hz. For dry adhesive, the elastic modulus was found to be approximately 
4000MPa at 20°C with a glass transition temperature of 126°C. When aged at 100%RH 70°C, 
the elastic modulus dropped by 5% of the dry value and the glass transition temperature dropped 
to 77°C after 1261 hours. Similarly in [69], the change of transition temperature of AV 119 was 
characterised as a function of moisture content. The results showed exponential reduction of 
transition temperature with moisture content as depicted in Figure 2-21(b). The maximum and 
minimum transition temperatures obtained were 102°C and 48°C for dry and wet state respec- 
tively. This reduction of transition temperature accompanied with reduction of modulus indi- 
cates that the weakening of adhesive is through plasticisation. 
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Althof et a!. [70] tested a range of dry and aged epoxy adhesives using the thick adherend shear 
test with an overlap length of 5mm and width of 25mm. Adhesive thickness of approximately 
0.1 mm was considered. The results showed that the absorbed water generally softens and weak- 
ens the adhesives and this leads to a reduction in shear modulus and yield. In addition, greater 
reduction was observed when aged at higher temperatures. 
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Figure 2-22. Shear modulus obtained at elevated temperature for (a) FM73M and (b) FM300M [71]. 
Jurf et al. [71 ] presents a comprehensive study of the effect of moisture on the structural prop- 
erties of two commercial adhesives, FM73M and FM300M, using TAST joints (aluminium sub- 
strates). The experiment study consists of static and viscoelastic shear measurements after 
lengthy exposure in 54°C/63%RH and 59°C/95%RH. The test was carried out at constant cross- 
head speed of 0.02cm/min and shear deformation was measured using Kreiger's KGR-1 device. 
An oven was installed around the test zone to test the specimen at elevated temperatures. The 
moisture lost from the adhesive during the test was negligible due to low moisture diffusivity 
and small exposed surface area. The result showed that the modulus decreased substantially at 
glass transition temperature and the transition temperature reduced as moisture content 
increased [46,69]. Using the same specimen setup, creep tests were performed to study the vis- 
coelastic behaviour of the adhesive under moisture and temperature. The results concluded that 
increasing the moisture content has the same effect on the creep behaviour as increasing the 
temperature. 
Broughton [72] tested TAST specimens made of three different adhesive systems (AV 119, 
F241 or AF126-2) with two different surface treatments (grit blast and degrease, and grit blast 
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with A187 silane). The specimens were immersed in distilled water at 25°C, 40°C or 60°C for a 
period of up to 6 weeks. The results show that the failure stress with silane treatment was rela- 
tively high for all cases because silane treatment improves intrinsic adhesion and increases 
durability. The effectiveness of both surface treatments diminishes as conditioning temperature 
increases. A gradual drop of failure shear strength was observed with increasing exposure tem- 
perature except for the F241 adhesive system which gained strength from 20°C to 40°C but 
dropped at 60°C. 
Most the work mentioned above used a stress approach to obtain moisture dependent constitu- 
tive properties. This approach seems to produce reasonable results provided failure is essen- 
tially cohesive. Interfacial or near interfacial failure makes this approach difficult to apply and 
usually results in a poor correlation between theoretical and experimental results. Absorption of 
moisture disrupts the existing hydrogen bond in adhesive molecular chains and, as a result of 
greater flexibility of water molecules, greater deformation and slipping of molecular chains 
occur. This contributes to plasticisation of the bulk adhesive which reduces the modulus and 
transition temperature as mentioned above. The degradation of adhesive can be both reversible 
and irreversible depending on the type of adhesive and exposure environment. Irreversible deg- 
radation is attributed to the hydrolysis of adhesive where the adhesive structures are chemically 
degraded permanently. Another approach to characterise the mechanical properties of the adhe- 
sive is fracture mechanics. This has gained considerable interest in recent years [73-75]. 
2.4.2 Fracture Properties of Bonded Joints 
Jurf et al. [76], following up work from [71], modelled the TAST joint using FE. The purpose 
was to characterise the failure of these joints using linear elastic fracture mechanics (LEFM). It 
was assumed that the initial flaw was formed along the mid plane of the bondline. The fracture 
energy (Gc) was calculated using the virtual crack closure technique described by Rybicki and 
Kanninen [77] at the corresponding failure load. The aluminium joints bonded with FM73M 
and FM300M were aged at 54°C/63%RH and 59°C/95%RH for 90 days and 120 days respec- 
tively. The results showed that the GG reduced with increasing relative humidity. This indicates 
the weakening of joints after moisture degradation. 
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Table 2-2. Fracture energy (Ge) at different exposure environments [76] 
Fracture Energy, Gc (kJ/m2) 
Ageing environments FM73M FM300M 
Dry 0.41 0.33 
63%RH 0.30 0.29 
95%RH 0.20 0.27 
One problem with typical bonded joints used to quantify the adhesion strength is the length of 
time required to reach saturation. Moisture is widely associated with adhesive bond degradation 
and yet the diffusion properties of most structural adhesives are such that typical specimens may 
require several years to saturate. Recognising this limitation, Chang et al. [65,78] utilised the 
adhesive as a coating on one substrate rather than sandwiched between two adherends. This 
allowed moisture to diffuse through the open-faced coating, typically less than 1mm diffusion 
path, compared to diffusing through half the width of a specimen (6-12mm diffusion distance). 
This accelerated the moisture uptake by several orders of magnitude and the acceleration was 
accomplished geometrically rather than thermally. This concept was originally applied in the 
Notched Coating Adhesion (NCA) test, which consists of a thin layer of adhesive bonded to a 
steel substrate. A notched was introduced across the coating to act as an initial crack. The spec- 
imen was aged at range of humidities at 60°C and tested in tension at 1mm/min to initiate the 
debond. The strain was measured using an extensometer. Initial debonding strain was recorded 
and was used to calculate the fracture energy as shown in Figure 2-23. The results showed that 
the fracture energy decreased with increasing relative humidity and indicated the weakening of 
the interface. 
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Figure 2-23. (a) Critical debonding strains and (b) critical strain energy release rates of NCA at saturation for 
range of relative humidity [65]. 
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Several other investigators have subsequently adopted the open-faced approach to accelerate 
moisture uptake. Spelt et al. [79,80] studied the fracture strength of two epoxy adhesives 
(Cybond 1126 and Cybond 4523GB) using the open-faced approach on double cantilever beams 
(DCB). The open-face specimen was formed by casting a layer of adhesive on one of the alu- 
minium substrates. The specimens were exposed to moisture at I 00%RH, 60%RH and 30%RH. 
At various times, the open-face specimen (in either 'wet' and 'dried' states) was bonded to a 
second aluminium adherend to form a complete DCB using a room temperature cured Hysol EA 
9309NA adhesive. A special jig has been used [81 ] to allow the fracture envelope (Gc as a func- 
tion of mode I and mode II ratio) to be measured using a single double cantilever beam speci- 
men. For DCB bonded with Cybond 1126, mode I fracture energy decreased with increasing 
humidity at 65°C. The reduction of fracture energy was more severe at 100%RH. DCB bonded 
with Cybond 4523GB was tested at two phase angle (48° and 60°). `Dried' and `wet' specimens 
were tested after exposure to 100% RH at three different temperature 35°C, 65°C and 85°C. For 
the `wet' joints, the strength first increased then decreased. The initial increase of strength was 
found to be reversible after testing the `dried' joints. It has been proposed that this increase of 
bond strength is due to plasticisation of the adhesive. For longer exposure times, permanent deg- 
radation was noted and a reduction of fracture energy resulted. Greater reduction was observed 
at higher exposure temperatures. Therefore, based on the two adhesive systems studied, it was 
concluded that the combined effects of temperature and water significantly influenced the `wet' 
and `dried' fracture energy. 
450 
400 
900 
800 
700 
600 
ýSoo 
400 
3o0 
iL 
200 
100 
0 
Q IMcd 
El well 
Dricd 
Wet 
350 
30o 
p250 
ui zoo 
150 
I' 
100 
so 
0 
(a) 
0 100 200 300 400 500 
Time of exposure (Days) ýbý 
0 20 40 60 90 100 
T6rw Ofsxposurn(Days) 
Figure 2-24. Fracture energy vs. exposure time for of two aluminium-epoxy peel test systems; (a) Perrnabond 
E04 'dried'; (b) Hysol EA 9346 'wet' and 'dried' [82]. 
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Moidu. et al. [82], investigated the fracture energy of two aluminium-epoxy peel test systems; 
one bonded with Hysol EA 9346 one part heat curing adhesive and the other with Permabond 
E04 two part room temperature curing adhesive. The specimens were exposed using an open- 
faced approach and after exposure the peel arm was secondary bonded to the open-faced spec- 
imen. The secondary bond thickness was less than 0.1mm. Both `wet' (immersed in de-ionised 
water at 67°C) and `dried' (kept under vacuum at 70°C for 3 days after removal from the water) 
peel specimens were tested at a rate of 5mm/min. The fracture energy corresponding to the peel 
force was calculated. Permabond E04/aluminium showed markedly different peel forces 
between `dried' and `wet' where the `dried' peel force was half of the `wet'. This was attributed 
to plasticisation of the adhesive and cohesive failure when tested `wet'; whereas, interfacial fail- 
ure occurred when tested `dried'. The fracture energy corresponding to the `dried' conditioning 
reduced with increasing exposure time as shown in Figure 2-24(a). On the other hand, Hysol 
EA 9346/aluminium fracture energy in `dried' and `wet' conditions showed similar trends of 
reduction but the `dried' fracture energy was greater as shown in Figure 2-24(b). This indicates 
that there was some strength recovery after drying the specimen. 
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Figure 2-25. Fracture energy at range of relative humidities and peel rates [83]. 
Using a similar open-faced approach, Jackson et al. [83] performed the 90° peel test to charac- 
terise the fracture energy (Ge) over a range of relative humidities with 3M 2216 and Permabond 
ESPI 10 adhesive. The results showed that a sharp drop of fracture energy occurred at a critical 
water concentration as shown in Figure 2-25. When tested at different speeds, it was found that 
the critical water concentration was test rate dependent. The existence of a critical water con- 
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centration was attributed to plasticisation, stress relief and hydration of salts. When the water 
exceeded the critical value, the strength reduction was due to interfacial degradation [84]. 
In summary, stress and fracture mechanics approaches are capable of determining the moisture 
dependent properties of the adhesive and interface. The constitutive properties such as elastic 
modulus, shear strength, failure stress and fracture energy tend to reduce with increasing 
aggressiveness of the ageing environment. However, some adhesives show a greater resistance 
to moisture attack and some show that ageing is reversible. The transition temperature of the 
adhesive also reduces with increasing moisture content and this indicates the effect of degrada- 
tion in the microstructure of the adhesive. Most fracture data of bonded joints were generated 
as a function of exposure time or temperature. This is because of the difficulty in quantifying 
the amount of water absorbed into the adhesive layer of a bonded joint. The exposure time for 
typical joints may take years to reach saturation levels. Hence, accelerated ageing of bonded 
joints is necessary, exposing at high temperature and high humidity. However, this approach of 
accelerating the moisture may cause different modes of degradation that are not found in normal 
operating conditions. In addition, the non-uniform degradation along the diffusion path gives an 
average strength of the joint and not the strength at a discrete level moisture. 
The acceleration of moisture ingress can be achieved geometrically by reducing the diffusion 
path using an open-faced specimen. The moisture uptake of an open-faced specimen not only 
accelerates but provides uniform moisture profile across the adhesive layer due to a uniform dif- 
fusion path. The level of moisture uptake can be quantified by comparing with the bulk moisture 
uptake data. Not all the test methods can incorporate the open-faced approach and this requires 
further investigation. Comparing the `wet' and `dried' fracture energy allows partitioning the 
permanent degradation from the apparent degradation. This approach is very useful when mod- 
elling adhesive durability in a cyclic environment as experienced in actual service. 
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2.5 Modelling the Environmental Durability of Adhesively Bonded Joints 
The main causes of strength reduction in adhesively bonded joints are environmental degrada- 
tion, residual stresses, creep and fatigue. The lack of suitable predictive models has been a con- 
tributing factor in impeding the wider application of adhesive technology. Improved life 
expectancy of an adhesively bonded structure, obtained using a dedicated predictive modelling 
methodology can overcome the uncertainty of the residual strength after prolonged service. A 
number of models have been proposed (with different degrees of success) to predict the residual 
strength and life expectancy of adhesively bonded joints exposed to aggressive environments. 
These models are mechanistic, non-mechanistic (both used in conjunction with either stress 
analysis or fracture mechanics), correlation and extrapolation as illustrated in Figure 2-26. 
Mechanistic Approach - This approach involves predicting the loss of joint strength based 
upon a detailed knowledge of kinetics and mechanisms of the environmental attack. The mech- 
anisms of degradation are related to the chemical reactions of the absorbed water with the poly- 
mer such as hydrolysis (cohesive degradation), oxidation (weakening of the oxide layer of the 
substrate) and cathodic delamination (hydrolytic attack on a boundary of the interface). The 
relations of these mechanisms with moisture concentration and with the mechanical properties 
are necessary to characterise the degradation. This can subsequently be utilised in predictive 
modelling based on stress analysis and fracture mechanics. This approach is still in the devel- 
opment stage as characterising the degradation rate chemically under the attack of moisture is 
difficult. 
Non-mechanistic Approach - This model is different from the mechanistic approach as the 
detail of degradation mechanisms are neglected. The degradation of mechanical properties are 
explicitly characterised using a range of tests and these properties are directly related to the 
moisture level. Generally, it is assumed that degradation is instantaneous. These form the mois- 
ture dependent mechanical properties that are used in durability modelling. The moisture diffu- 
sion profiles across the adhesive layer can be determined using Fickian or non-Fickian diffusion 
models. Stress or fracture mechanics analyses can be used to predict the residual strength. This 
approach has shown much success in determining the cohesive degradation. However, most 
degradation of adhesively bonded joints occur at the interface. 
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Figure 2-26. Different models proposed for predicting the durability of adhesively bonded structures. 
Correlation - Simple algebraic expressions are assumed to relate the loss of joint strength with 
any physical or chemical changes in the adhesive. For examples, the loss of joint strength with 
moisture level, hardness, swelling or change in colours of adhesive after exposure to a moist 
environment. This correlation is only applicable to a limited range of adhesives and conditions. 
A large amount of experimental data and statistical analysis are necessary to ensure good cor- 
relation is obtained. Hence, this method is limited to those adhesive systems that show strong 
correlation characteristics. 
Extrapolation and interpolation- This approach generally employs mathematical functions, 
that relate degradation with exposure time, to predict the joint strength at service conditions 
from a set of accelerated test data. The accelerated degradation is obtained by exposure to high 
humidity and temperature. In some cases, the accelerated condition causes abnormal degrada- 
tion mechanisms that might not occur in normal service condition. As a result, this underesti- 
mates the durability of bonded structures and is unreliable. 
Among these models, the non-mechanistic approach is suitable for numerical modelling as the 
degradation is directly related to the moisture concentration. This can be achieved using sequen- 
tial or coupled diffusion-mechanical analysis. First, the moisture profile across the adhesive is 
determined using Fickian or non-Fickian diffusion analysis. Then, this moisture profile deter- 
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mines the mechanical properties across the adhesive layer. Lastly, stress analysis and fracture 
analysis can be used to predict the degradation and progressive damage of a bonded joint. 
2.5.1 Stress Analysis 
Stress analysis using finite element (FE) analysis techniques is used extensively in structural 
design. This technique offers solutions to complex problems that are too difficult or impossible 
to solve using analytical solutions. Numerous stress analysis failure criteria for adhesive joints 
have been proposed and used with varying success. Maximum stress/strain failure criteria are 
the most intuitive starting point for joint strength predictions. The bonded joint is assumed to 
fail when the stress/strain generated by the load reaches the failure criteria. This section reviews 
some work concerning durability modelling of environmentally degraded joints using the non- 
mechanistic approach. 
Crocombe [58] first presented a durability modelling of a lap joint using the non-mechanistic 
approach. A full non-linear coupled diffusion-mechanical analysis was undertaken to study the 
response of FM1000 adhesive after exposure to moisture. One-dimensional Fickian diffusion 
was assumed and moisture dependent mechanical properties for FM1000 were obtained from 
thick adherend shear tests on samples exposed for varying exposure times at various tempera- 
tures. The FE solutions showed that the stress strain response of exposed and dry joints were 
markedly different. A principal or equivalent plastic strain failure criteria was used to compare 
with the experimental results. It was found that the failure occurred at the centre of the exposed 
joint where the principal strain reached the failure strain obtained from experiment. High 
stresses were transferred across the dry region of the lap length; whereas, significantly less 
stress was transferred at the overlap ends where the plasticisation (lower modulus) of the adhe- 
sive occurred most. The residual strength has been predicted to within a few percent of the 
experimental data. 
Hambly et al. [47] investigated the durability of steel-E32 butt joints using a three dimensional 
FE model. Moisture dependent elastic-plastic constitutive properties were used in conjunction 
with a hydrostatic stress-sensitive linear Drucker-Prager yield model. The solutions showed that 
higher tensile stress developed at the centre of the joint and the tensile stress gradually reduced 
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towards the edges. The dry joint showed a higher stress distribution across the bond region than 
the degraded joint. At the exposed edges, lower stress was observed. This area of lower stress 
increased with exposure time. The result predicted showed less than 10% error when compared 
to the experiment results. 
Wahab et al. [56] used coupled diffusion-mechanical analyses to study the durability of single 
lap joints and butt joints. For both joints, transient finite element Fickian diffusion analyses have 
been performed to obtain the moisture profile at a selected time of exposure. Non-linear material 
properties were considered and the swelling strains of the adhesive are defined according to 
experimental results. The work showed that the strength recovery of the single lap joint was 
attributed to the compressive stress generated by the swelling at the lap ends and the plasticisa- 
tion of the adhesive. After extended moisture exposure, the compressive stress generated 
became less significant due to the a wider region of swelling strain. This results in strength 
reduction of single lap joint. On the other hand, the butt joint showed continuous decreasing 
strength. This was attributed to the plasticisation of adhesive at the annulus region increasing 
the tensile stresses in the mid region. 
Broughton and Hinopoulos [85] undertook a full non-linear elastic plastic analysis of a single 
lap joint. Mild steel substrates were bonded using AV 119 epoxy adhesive with overlap length 
of 12.5mm and width 25mm. The substrate and bond line thickness used were 1.4mm and 
0.25mm respectively. The effect of moisture absorption on the stress distribution within the 
adhesive layer was investigated. Coupled diffusion-mechanical analyses were modelled to 
obtain varying mechanical properties across the adhesive layer. The solution of the finite ele- 
ment analysis for the dry joints showed that the maximum equivalent, shear and peel stresses 
occurred at the overlap ends; whereas, for conditioned joints, the maximum stresses were trans- 
ferred toward the interior of the adhesive bond line. It was found that the Mises equivalent stress 
at the end of the overlap of the conditioned joints was reduced to 20MPa, which was about a 
50% reduction compared to the dry joint. The reduction of modulus contributed to the increase 
of plasticity and equivalent plastic strain after 12 days of immersion. The peel and shear stresses 
at the overlap end decreased rapidly with exposure time. At a certain exposure time, a uniform 
distribution of Mises equivalent stress was obtained along the bond line and it was suggested 
that this increases the joint strength provided that no interfacial failure occurs. 
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Following the work above, a three dimensional FE model of a perforated single lap joint was 
analysed to evaluate any changes that might occur in the vicinity of the holes due to changes in 
the elastic properties of two adhesives caused by the diffusion of moisture. AV 119 and XD4600 
were the two adhesives modelled. CR1 mild steel and 5251 aluminium alloy were the substrates 
modelled. The solution showed that the holes have minimal effect on the joint strength and the 
critical region for failure is still at the ends of the overlap. The stress state away from the holes 
is relatively lower and uniform. 
A parametric study that included the full non-linear elastic plastic coupled diffusion-mechanical 
analyses were undertaken in modelling the T-peel test [86]. AV 119 adhesive was modelled at a 
range of exposure times. A prescribed displacement was applied at the substrate end. The solu- 
tion showed that the maximum equivalent and peel stresses occurred at the end of the overlap 
of the dry joint but this maximum stress moved into the lap region when exposure time 
increased. This is because of the plasticisation of the adhesive at the lap end and most of the load 
was transferred across the dry region. 
This section showed the use of coupled diffusion-mechanical analysis to predict the response 
and stress distribution of a degraded bonded joint after exposure to moisture. The plasticisation 
of the adhesive after exposure to moisture redistributed the stress profile across the lap region 
and maximum stresses moved towards the dry region. It was suggested that the failure was 
mostly likely to occur initially in the dry region. Such stress analyses are useful to study para- 
metrically the durability of a joint. However, there are some limitation of stress analysis. The 
analysis is only valid if the continuum maintains its integrity and no interfacial failure is 
expected. This is not the case when interfacial degradation occurs. In addition, it still requires 
use of an appropriate failure criterion to evaluate the failure and it cannot model progressive 
damage. 
2.5.2 Fracture Mechanics Analysis 
Modelling fracture and damage is one of the dominant research areas in fracture mechanics 
where the study of the strength of a structure contains flaws and cracks. The predictive model 
assumes that the life expectancy of the bonded joint is governed by a failure criteria such as crit- 
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ical fracture energy (Ge) for static loading, threshold fracture energy (Gth) for fatigue loading 
or stress intensity factor. This failure criteria can be related to moisture concentration to predict 
the joint using the non-mechanistic approach. The structure will fail when the applied load ful- 
fills the failure criteria. This principle was set out by Griffith [87,88]. Aircraft structures, sub- 
marines, ships and civil structures employ fracture based rules in design, service life prediction 
and failure characterisation. However, the aspect of integration of fracture analysis into engi- 
neering design and analysis lags significantly behind research in fracture mechanics. Hence, it 
is the aim of this research to integrate fracture and damage analysis with stress analysis into pre- 
dictive modelling of adhesively bonded structures. 
The problem with fracture mechanics is that it gives rise to singularities in the stress and strain 
fields [87,88]. The problem may involve both material and geometric non-linearities, which 
complicate the formulation and render prediction of convergence extremely difficult. Fracture 
of homogeneous material has been well integrated with current analytical and numerical 
approaches for linear and non-linear analyses. However, progressive damage analysis is still 
uncommon. Fracture in heterogeneous systems such as bi-material configurations is less well 
established. In view of their importance in numerous applications, interface cracks have 
received considerable attention. Unlike homogenous elastic solutions, the near tip stress field of 
interface cracks characteristically involve oscillatory singularities and complex stress intensi- 
ties. Erdogen [89], England [90], Rice and Sih [91], Williams [92], Malyshev and Salganik [93] 
and Comninou [94-96] are the main contributors to this area of research. Comninou [94] found 
the oscillatory singularities formulated by Williams [92] led to overlapping of the crack faces. 
Following this, Comninou [94] and Dundurs [97,98] reconsidered on the basis that the crack 
was not completely open and that its faces were in frictionless contact near the tips and this elim- 
inated the small region of oscillatory singularity. At the same time, Rice [99] disregarded the 
contact zone when this zone was small compared to crack length and showed that the elastic 
solution with oscillatory singularity still characterised the near crack tip field well. Hutchinson 
et al. [100] examined the condition under which the subinterface cracks, parallel with the inter- 
face, might be expected to grow. They used a universal relationship between mode I and II stress 
intensity factors of homogenous material and the corresponding complex stress intensity factor 
of the interface crack in a bi-material system. Suo and Hutchinson [101] proposed a universal 
relationship between complex interfacial stress intensity factor and the stress intensity factor of 
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a homogeneous material, to handle interfacial fracture. Interface crack characterisation still 
remains an on-going research area as there is no universally accepted analytical solution. While 
analytical solutions for interface crack are still in development, numerical approaches have been 
developed to overcome the limited application of analytical solution in more complex models. 
Finite element (FE) is the most widely employed analysis method for fracture mechanics prob- 
lems (linear and non-linear). Wide range of commercial FE codes such as ABAQUS, MARC, 
NASTRAN, ANSYS, etc are available. The numerical analysis of fracture can be divided into 
static crack analysis and progressive crack analysis. Both analyses are capable of predicting 
accurately the stress intensity factor and strain energy release rate (SERR) for cracked elasto- 
static bodies using standard numerical techniques such as J-integral and virtual crack closure. 
The development of algorithms for progressive crack propagation analyses is still an areas of 
on-going research. Many examples and reviews of this crack propagation are available in Wil- 
liams and Knauss [102]. 
Two dimensional finite element analyses are widely used to obtain stress-intensity factors and 
strain energy release rate (SERR) for cracked isotropic and orthotropic domains. SERR is most 
widely used in fracture mechanics as a criterion because of it simplicity and versatility. Methods 
based on Irwin's virtual crack closure [103] use the stresses ahead of the crack tip and the dis- 
placement behind the crack tip to calculate the SERR. Rybicki and Kanninen [77] used this 
approach to obtain a simple formula for the strain energy release rate for 2D cracked, isotropic 
domains modelled with four noded quadrilateral singular elements. The formula given is attrac- 
tive because the force values can be obtained easily from a single finite element analysis. Raju 
[ 104] and Sethuraman and Maiti [ 105] extended the work to include formulation of SERR from 
non-singular and singular elements of any order. For cracks along the interface in a bi-material 
problem, the SERR formulae based on the virtual crack closure gave acceptable results when 
the oscillation of the stresses near the crack tip was neglected [ 105]. Similarly, Sun and Jih [ 106] 
using the approach of Rybicki and Kanninen showed good agreement with the analytical solu- 
tion for an interface crack. Wahab et al. [107] presented an efficient technique for calculating 
the SERR of each mode from a 3D analysis with square root singularity and applied this 3D for- 
mulation to design an adhesive joint [108]. The contributions of mode I and mode II are depen- 
dent on the mesh size but the total SERR is not. 
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Jurf et al. [76] used the formulation of Rybicki and Kanninn to calculate the SERR of a TAST 
joint as a function of temperature. The joint was modelled under plane strain conditions using 
four node quadrilateral isoparametric elements. At a constant load, the SERR increased as the 
crack length increased which resulted in unstable crack growth. This agrees with the experimen- 
tal observations of catastrophic failure. Xu et al. [109] evaluated critical fracture energy and 
threshold fracture energy using a crack closure technique associated with the crack growth in a 
Mixed Mode Flexure specimen under quasi-static and fatigue loading respectively. They found 
that both mode I fracture energy and mode I threshold fracture energy were the controlling 
parameters and the crack-driving forces in mixed mode joints. 
Dillard et al. [ 110] used FE to compare the SERR with analytical solutions for Notched Coating 
Adhesion Test (NCA). They found that the SERR obtained using J-integral was in good agree- 
ment with the analytical solution. The yielding of substrate had little effect on the SERR when 
the adhesive coating used is relatively thin and flexible. Chang et al. [65,78] evaluated the crit- 
ical fracture energy of NCA after exposure to a moist environment and found that the fracture 
energy reduced as the moisture increases (see Figure 2-23 on page 35). This indicates the deg- 
radation of the adhesive. 
Wahab [111] presented a design tool for a single lap joint using a failure criteria based on the 
SERR calculated using virtual crack closure. An important relationship between the lap length 
and the adherend thickness was derived to design a reliable joint. Curley et al. [112] showed an 
approach to predict the service life of a single lap joint and 'top hat' beam joint with a tapered 
double cantilever beam (TDCB) exposed to moisture and cyclic displacement fatigue loading. 
Firstly, the fatigue response of TDCB, the single lap joint and the'top hat' beam joint were car- 
ried out in the same ageing environment. Then, the fatigue fracture parameters such as fatigue 
crack growth rate and maximum cycles of TDCB were characterised. Next, linear elastic frac- 
ture mechanics analysis was carried out on a single lap joint and `top hat' beam joint to obtain 
the SERR of the joints under fatigue loading. Then, the number of cycles of fatigue loading of 
a joint was predicted using an analytical solution which utilised the fatigue parameters of the 
TDCB obtained and the fatigue SERR characteristics of the corresponding joints. Although they 
claimed that a good prediction was obtained, the results showed clearly that the predicted ser- 
vice life was significantly underestimated. 
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Fracture energy and stress intensity factors are the important failure criteria obtained from static 
crack analysis for flawed bodies. If the fracture energy or the intensity factors reaches a critical 
value at a particular crack length, the crack will grow at that particular load. Reviewed above 
are some of the literatures that characterise the fracture behaviour, determine the service life and 
provide design guidelines for adhesively bonded structures. There are some limitations of static 
crack analysis in modelling flawed structures. Repeating cycles of analyses are required to 
obtain the fracture energy, stress intensity factor or stress distribution for different crack 
lengths. The static crack analysis does not fully describe how the structures fail after the initial 
critical fracture criteria has been reached. Hence, extensive research is being undertaken to sim- 
ulate crack and damage propagation. 
2.5.3 Progressive Damage Modelling 
A classification of approaches to model material separation and crack propagation was pre- 
sented by Xie and Gerstle [113]. They have stated that either a continuum or discrete (local) 
approach could be used in modelling. Discrete (local) approaches include linear elastic fracture 
mechanics (LEFM) and the cohesive crack approach in which the fracture process zone (FPZ) 
is modelled as a layer of interface elements with zero width or thickness. Continuum approaches 
consist of the crack band model and non-local continuum damage mechanics models. Figure 2- 
27 shows the different classifications mentioned. 
In the cohesive crack approach, the assumption is made that the FPZ width is negligibly small 
and has traction transferring capability. The energy dissipation within the FPZ is taken into 
account through the traction-crack opening displacement constitutive model. This is similar to 
the virtual crack propagation definition where the energy is dissipated to form a crack surfaces. 
In a FE implementation, a cohesive crack can be efficiently modelled using interface elements. 
In the crack band approach, the FPZ is modelled within a layer of continuum elements. The area 
under the stress-strain curve is adjusted according to the width of the elements. This approach 
is essentially equivalent to the cohesive crack model from an energy point of view. The crack 
band approach has been used to model mode I fracture but it has some unsolved problems in the 
modeling of mixed mode fracture. In the non-local continuum damage models (damage 
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mechanics), the length as well as the width of the FPZ must be explicitly modelled. This method 
is computational expensive and application has only been demonstrated through small scale 
structures. A fine mesh is required around the FPZ for both crack band and non-local continuum 
approaches to obtain good results. 
Cohesive crack approach: IF FPZ is modelled by a layer of 
interface elements with zero 
width 
GF 
Crack band approach: 
FPZ is modelled by a single layer 
of continuum elements and the 
material properties are adjusted Afeý 
according to the element width 
Nonlocal continuum approach: LI Both the length and width of 
FPZ are modelled in detail by 
continuum elements 
Figure 2-27. Modelling philosophies of discrete crack approach and smeared crack approaches [113]. 
The finite element method has proved to be very well suited for the study of fracture and damage 
as mentioned in previous sections. Nevertheless, modelling the propagation of a crack through 
a finite element mesh turns out to be difficult because of the modification of the mesh topology 
and instability occurred when the crack extends and the material softens. Damage mechanics, 
describes the fracture using micro-mechanical models to represent the evolution of damage 
through the material [ 114,115,116] where the damage zone is represented by a stress drop 
within a region of elements. Geers et al. [117] showed the application of this technique in the 
study of crack propagation of brittle material such as concrete as shown in Figure 2-28. The 
damage regions represent the crack and there are no physical cracks formed. The damage area 
can be sufficiently large depending on the mesh refinement. Hence, this prohibits the applica- 
tion of damage mechanics in modelling the interfacial failure where the damage is confined 
around the crack tip region and the thickness of the FPZ is very small. As a result, damage 
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mechanics is not appropriate for this work. More detail on damage mechanics can be found in 
Lemaitre and Chaboche [ 114]. 
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Figure 2-28. Left: Single-edge notched beam configuration; Right: Plot of damage evolution (top-bottom) [117]. 
In the local approach, cracking is not represented as an evolution of damage, but as a displace- 
ment discontinuity between the two nodes induced by the separation of the edges of a crack. 
Remeshing is therefore required to model the crack propagation if the crack path is not known 
a-priori. On the other hand, non-remeshing techniques are sufficient when modelling a known 
crack path such as interfacial failure. In the following sections, each of the different classifica- 
tions and techniques are discussed with particular interest in the cohesive crack approach with 
non-remeshing techniques. This is because interfacial failure is local in nature and the crack 
path is known a priori. 
2.5.3.1 Crack Band Approach 
Beissel et al. [ 118] developed an element-failure algorithm to model the progressive crack prop- 
agation in any direction in an elastic plastic continuum. This was achieved by tracking the path 
of the crack tip and failing the elements crossed by the path, such that the elements can no longer 
sustain stresses. The failure criteria for the element and crack direction were based on the energy 
integrals surrounding the crack tip with inertia taken into account. This technique eliminates the 
need to accommodate the crack tip and redefine the contact surfaces. However, selecting a con- 
verged contour for the energy integral and mesh size is important for this technique. 
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Gullerud et al. [119] used a computational cell methodology [120] to predict the crack growth 
in ductile material. A Gurson-Tvergaard constitutive model was used to describe the material 
softening due to the growth of the cell element. A traction free surface was created when the cell 
element was deleted after reaching a prescribed cell growth factor. The cell growth factors serve 
as failure criteria, initially calibrated based on the experiment results. A few computational 
issues such as load step size and procedures to remove cells has shown their adverse effect on 
the predicted crack growth resistance (R-curve) and convergence of the solutions. It was found 
that the deletion of cell elements exceeding the growth factor and the use of adaptive load con- 
trol algorithms improved the prediction of the R-curves of deep notched specimens. 
Sprenger et al. [ 121 ] used an eight noded 3D shell elements, which have a small but non-zero 
thickness to represent the interlaminar layer, to simulate the delamination of composite joints. 
The basic material model for the 3D shell elements was based on rate independent plasticity 
with softening. A viscoplastic regularisation was applied to avoid numerical instabilities. The 
delamination criterion is a function of the interlaminar stresses, tensile strength and shear 
strength. The softening slope of the model was based on the critical fracture energy (Ge), the 
elastic modulus, tensile strength and the thickness of the 3D shell elements. The results showed 
good prediction of delamination growth in double cantilever beam (DCB) test when compared 
to experiment data. In the mode I problem of a DCB specimen, the delamination criterion was 
reduced to depend on the tensile strength only. Hence, the delamination started when the tensile 
stress has reached the critical value specified. 
Serrano [122] developed a thin 3D brick element with one integration point to model the behav- 
iour of the adhesive layer between glued-in rods and timber joints. The thin 3D brick elements 
behaved according to a strain softening crack band model to characterise the weakening of the 
adhesive. The failure criteria used was based on the deformation of the bondline given by two 
shear-slip deformations and the normal deformation. A nonlinear 3D finite element model and 
parametric studies were implemented. The work demonstrated that the fracture energy of the 
adhesive is an important parameter for the predicted ultimate failure load. 
The crack band approach shown above used a non-zero element layer thickness to model the 
softening of the adhesive region in two or three dimensions. In some cases, the approach did not 
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simulate the forming of traction-free crack surfaces when the weakest element was not removed 
from the global equations [121,122]. There is another approach to model the crack propagation 
with traction-free crack surfaces formed. This technique is the cohesive crack approach. 
2.5.3.2 Cohesive Crack Approach 
The cohesive crack approach models the fracture process zone with zero thickness. The crack 
propagation direction is governed by a strength based criterion such as the maximum principal 
stress at the crack tip or the maximum energy release rate. This concept was pioneered by Hill- 
erborg eta1. [ 123]. The algorithms for crack propagation using t his 1 ocal approach can be 
divided into two different techniques. Such techniques are the remeshing and non-remeshing 
techniques for unknown and known crack path respectively. Specific attention is placed on 
reviewing non-remeshing techniques, as interfacial failure has a known crack path defined. 
Remeshing Techniques 
Remeshing, after the formation a new crack face, avoids mesh distortion and maintains good 
mesh around the crack tip for subsequent solutions. A local automatic remeshing algorithm was 
used to simulate crack propagation in a homogenous medium with an unknown crack path. Xie 
et al. [ 113,124] developed a modelling approach for LEFM mode I and mixed mode crack prop- 
agation based on an energy principle and a virtual crack propagation where a sequence of three 
sub-processes were performed iteratively. Firstly, linear elastic FE analysis of the current crack 
length, then determination of the crack propagation direction based on prescribed criteria, and 
lastly remeshing to accommodate the newly formed crack extension. The crack direction was 
determined by the stress intensity factor or alternatively, the maximum principal tensile stress. 
The results of this study showed good prediction of experimental results with fine and coarse 
meshes. This weak mesh dependency is an added advantage in terms of computational effi- 
ciency. In addition, this method is also suitable for simulating multiple crack growth observed 
in the experiments. 
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Figure 2-29. Example of graphical presentation of crack propagation using remeshing techniques [125]. 
Bouchard et al. [125] proposed a crack propagation modelling solution based on an advanced 
remeshing technique. The propagation of the crack was achieved with both remeshing and nodal 
relaxation. A maximal normal stress criterion was used to compute the crack direction. It was 
suggested that for brittle materials the maximum normal stress criterion was used (and it gave 
good prediction), whereas for ductile materials, it would be better to use an energy criterion. 
This technique was applied to a range of applications such as compression of a tube, crack path 
deflection due to a hole (Figure 2-29) and a beam under four point bending. Although it was 
demonstrated in many examples, the load displacement response was over predicted after the 
initial crack formed in the tube compared to the experimental data. 
Non-remeshing Techniques 
Non-remeshing technique are applicable when the crack path is known a-priori such as a crack 
along the interface of a bi-material system. Needleman [ 126,127] developed an interfacial trac- 
tion separation law to analyse crack growth problems of bi-material systems in a micro-mechan- 
ics study. The traction separation law is regarded as a phenomenological characterisation of the 
zone where the separation takes place along the interface and is not necessarily a description of 
the atomic separation processes. The dominant scale of the fracture process zone in many inter- 
face systems can be measured in microns rather than nanometers. The simplest forms of the 
interfacial separation zone would be the Dugdale constant traction and the Barenblatt reducing 
traction separation. More general traction separation laws for damage softened composites and 
adhesives can be obtained from Ungsuwarungsri and Knauss [128]. 
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Tvergaard and Hutchinson [129] used the idealised separation law developed by Needleman 
[ 126,127] to study the role of plasticity on the crack growth initiation, subsequent resistance and 
the fracture process. A small-scale yielding was modelled with a semicircular mesh with K-field 
boundary conditions applied. The separation law was applied at the crack growth region as a 
boundary condition. The primary parameters specifying the traction-separation law are the peak 
separation stress and the work of separation per unit area. The shape of the traction-separation 
law has little influence on the overall model response. They found that plastic dissipation is 
important when the ratio of peak separation stress to yield stress is larger than 2.5 (or 3 if hard- 
ening taken into account). It was shown that failure mechanisms such as phase boundary deb- 
onding, void nucleation and even cavitation will usually intervene before reaching this ratio. 
Tvergaard and Hutchinson [ 130,131 ] continued to study the pure mode and mixed mode effect 
on the crack growth resistance with particular emphasis on the ratio of steady state interface 
toughness to the intrinsic work of separation. They found numerically that plasticity enhances 
the interface toughness for all modes of loading, but substantially more in the presence of a sig- 
nificant mode II component of loading in an elastic plastic adhesive/substrate problem. They 
also found that the enhancement of the interface toughness is affected by ductile layer thickness, 
modulus mismatch and initial residual stress [131]. The study showed that for an adhesive layer 
thicknesses less than the plastic zone, there was almost no enhancement of toughness due to 
plastic deformation. For adhesive thickness much greater than the plastic zone, the toughness 
was independent of the adhesive layer thickness. It was stated that the region where this inde- 
pendency starts depends on the peak separation stress. The ratio of the modulus mismatch has 
a fairly significant effect such that joints with relatively stiff substrates have higher toughness. 
In terms of residual stresses, the tensile residual stress lowered the toughness while a compres- 
sive stress raised toughness. Landis et al. [132] investigated the role of an elastic-viscoplastic 
material and rate dependent traction-separation fracture process zone on the fracture toughness. 
The results showed t hat the toughness of the material can either increase or decrease with 
increasing crack velocity. 
Rahul-Kumar et al. [133] have used both rate independent and rate dependent cohesive zone 
models to describe polymer interfacial fracture in the T-peel test, compressive shear test and 
multi-layer coating test. The failure criterion in the cohesive zone were based on the intrinsic 
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value of fracture energy and the critical crack opening displacement. The results showed that 
both models were able to capture crack nucleation and stable/unstable crack propagation tran- 
sition. 
Shirani and Liechti [ 134] performed a transient analysis of mixed mode debonding of a circular 
blister test using FE together with the traction separation laws [130] calibrated to experimental 
results. Unlike the boundary description of the traction separation law used in [ 130], a nonlinear 
spring with the traction separation law and parameters (intrinsic fracture energy and peak stress) 
were embedded into the model and were iteratively studied in order to obtain the best fit param- 
eters to experimental results of steady state debonding. It was found that plastic dissipation con- 
tributed 13% to the adhesive fracture energy for this particular system. Liechti et al. [135] 
included the rate dependent traction-separation law to model the rate effect on crack growth 
along the rubber/metal interface under mixed mode conditions. 
Chai et al. [ 136,137] implemented experiments on bonded joints to study the morphological and 
energetic aspects of shear fracture in adhesive layers. They characterised the fracture of adhe- 
sive bonds as stable crack propagation followed by catastrophic growth. Similar to the observa- 
tions in [ 131 ], they also found that the fracture energy for mode II increased considerably with 
increasing layer thickness. They also attributed this enhancement of fracture energy to the for- 
mation of a larger plastic zone, which, in some cases, extended up to a thousand times the adhe- 
sive thickness. They carried out finite element computations in [138] and observed good 
agreement between analytical prediction and experimental results based on a local shear strain 
criterion ahead of the crack tip for mode II loading. 
Chowdhury et al. [ 139] studied the effect of pressure sensitive Drucker-Prager yield criteria and 
thickness of a ductile adhesive layer on quasi-static interfacial crack growth using a small-scale 
yielding model. Crack propagation was simulated through a crack, in which the interface was 
assumed to follow a prescribed traction separation law [130]. The results showed that for a 
given mode mixity, the steady state fracture toughness was enhanced as the degree of pressure 
sensitivity increased. Furthermore, for a given level of pressure sensitivity, fracture toughness 
increased as mode II loading was approached. 
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Needleman et al. [140] analysed the mesh effect in progressive crack growth in an elastic-vis- 
coplastic body. They showed that for initially sharps cracks, the initiation of crack growth was 
quite sensitive to the mesh but not for blunt cracks. They also studied the effect of large inclu- 
sions and formation of voids around the crack tip with different mesh sizes. They noted that 
there was no mesh effect for large scale voids but the mesh effect is apparent when small scale 
voids were used. 
Allix et al. [141,142] proposed an interface law to model the mixed mode interlaminar degra- 
dation in composite materials under a range of loadings. The interface law incorporated both 
time dependent and time independent behaviour to give a complete formulation of interface sep- 
aration with critical fracture energy as one of the controlling parameters. The unstable delami- 
nation observed in analysis using load-control or displacement control analysis was solved 
using a local control condition in which both load and displacement were assumed unknown 
(modified Riks method). A number of delamination examples such as pure mode I double can- 
tilever beam (DCB), pure mode II end notch flexure and mixed mode flexure were demon- 
strated. 
Hadidimoud et al. [143] developed local damage based rupture elements that were able to rep- 
resent the process of failure initiation and propagation within both elastic and plastic continuum. 
It was shown that in the case of an elastic continuum this approach was an alternative to con- 
ventional LEFM techniques with the advantage of presenting progressive propagation and 
direct calculation of the failure load. Three types of strain tripped rupture element were used; a) 
without unloading; b) energy based unloading and c) time based unloading. They concluded that 
the rupture element without unloading could be used as an alternative to the conventional LEFM 
when integrated into the elastic continuum. For the energy based unloading, it was possible to 
predict the failure load of a cracked elastic structure. Lastly, the time based unloading was suit- 
able when modelling plasticity and solved the crack tip locking problem. The strain tripped rup- 
ture element with time based unloading gave good predictions when using a single failure 
criterion for a cleavage test under various mixed mode loadings [ 144]. They stated that the fail- 
ure criterion seemed to be loading mode independent. 
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2.5.3.3 Other Techniques 
There are other new techniques that could be used to model crack propagation using different 
approaches such as incorporating quantum mechanics instead of fracture mechanics. For exam- 
ple, Gao et al. [145] developed a virtual internal bond (VIB) model with randomised cohesive 
interaction between material particles. This was an integration of continuum models with cohe- 
sive surfaces and atomistic models with inter-atomic bonding. This was a new technique and 
the VIB model could be applied directly to simulate crack growth without a fracture criterion. 
Phonthot and Belytschko [146] demonstrated the application of a meshless method to model 
dynamic crack propagation. The meshless method was based on Arbitrary Lagrangnian-Eule- 
rian (ALE) formulation of the element free Galerkin (EFG) method. The most significant 
advantage of the method is that it requires only nodes and a description of internal and external 
boundaries and interfaces, such as cracks, of the model. The method has been applied success- 
fully to wave propagation problem as well as dynamic crack propagation problems but is cur- 
rently limited to two-dimensions. 
In summary, both static and progressive crack analysis have been used to characterise fracture. 
A fracture mechanics approach is often used to characterise the strength of bonded joints 
because cracks, delamination and flaws are normally present. Failure criterion can be formed 
based on fracture mechanics to predict the failure of the joint. The various models employed in 
progressive crack propagation analysis were reviewed. Each of the models has it own advan- 
tages. Both crack band and non-local approaches model the crack through weakening of the 
continuum element depending on the level of softening law and element growth factor respec- 
tively. The non-zero thickness of the FPZ limits their application in modelling interfacial fail- 
ure. A cohesive crack approach is more suitable to model interfacial failure as it assumes the 
FPZ thickness is negligibly small. Automatic remeshing is used to model unknown crack paths 
in order to remove distorted mesh and improved numerical convergence. The crack direction is 
based on stress or energy determined at each crack extension. Non-remeshing techniques are 
used for known crack paths and the weakening of FPZ is based on a separation law. This sepa- 
ration law takes into account the intrinsic fracture energy as one of the controlling parameters. 
The non-remeshing works reviewed above mainly concentrated on parametric studies of the 
enhancement of fracture toughness due to plasticity, rate dependency and pressure sensitivity of 
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the ductile layer. More interesting examples of this non-remeshing techniques can be found in 
Allix et al. [141,142] and Hadidimoud et al. [143]. Literature directly related to progressive 
damage modelling of interfacial degradation of adhesives is not available and there is a growing 
demand for this area of research. It is a logical step to model the damage of environmental deg- 
radation of adhesively bonded structures progressively. 
2.6 Conclusions 
Presented in this chapter has been a review of recent work concerning the durability of bonded 
joints. The summary of each area has been covered in each section above. However, certain 
important things are summarised below. 
Characterisation of moisture dependent mechanical properties and moisture diffusion analysis 
are necessary to model the degradation using a non-mechanistic model. Moisture diffusion in 
bulk and joint is different and should be handled separately in order to allow a better durability 
prediction. Non-Fickian diffusion, such as dual stage diffusion, is often encountered and this 
requires further investigation to understand the anomalous uptake. 
Constitutive properties of adhesive over a range of moisture concentrations can be obtained 
using a tensile test of bulk adhesive after exposure to moisture. 
Swelling and thermal characteristic can be measured and incorporated into the durability mod- 
elling to give a more realistic prediction. 
Accelerated moisture uptake in a fracture test is of prime importance in order to obtain the full 
spectrum of the interfacial degradation. The open-faced approach seems very useful as the 
accelerated moisture uptake is achieved through geometry and not through elevated temperature 
and humidity. This approach can provide the strength at the interface as a function of moisture 
concentration, which can be used as failure criteria for the modelling the progressive interfacial 
failure. 
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Based on the review presented, there is some work on durability modelling of cohesive degra- 
dation and none exists for interfacial degradation. Cohesive degradation has been successfully 
modelled using coupled diffusion-mechanical analysis. The same approach can be used for 
interfacial degradation where the fracture parameters obtained from LEFM at different level of 
moisture concentration are used as a controlling parameter in progressive crack propagation 
analysis. The cohesive crack approach is most suitable for modelling progressive interfacial 
failure. This can be achieved by developing an interface rupture element that behaves according 
to a separation law. The non-mechanistic model for durability study is the most suitable and 
direct approach to predict the residual strength. 
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CHAPTER 
3 
EXPERIMENTAL TESTING 
This chapter covers a series of experimental works that were necessary for durability modelling 
both cohesive and interfacial degradation of the adhesive joint. This involved choosing a suit- 
able adhesive-substrate system that showed significant interfacial failure after exposure to a 
moist environment. The moisture diffusion performance of the bulk adhesive at different thick- 
nesses were determined using the gravimetric experiment. Suitable uptake models were used to 
obtain the diffusion parameters. Moisture dependent mechanical properties of the bulk adhesive 
were characterised using tensile tests of specimens exposed to different levels of moisture. The 
thermal and swelling properties of the adhesive were determined using a bi-material curved 
beam and thin film adhesive strip respectively. Two fracture tests namely Mixed Mode Flexure 
(MMF) and Notched Coating Adhesion (NCA) were undertaken at different degrees ofmoisture 
degradation. The moisture degradation of these fracture tests were controlled and accelerated 
using an opened-face exposure approach. These experimental data are essential in the modelling 
work described in subsequent chapters. 
3.1 Choice of Adhesive-Substrate 
AV 119 (Araldite 2007) was chosen because some existing experiment data was available within 
the research group and from other researchers [47,58,69,72]. AV 119 is a one component rubber 
toughened epoxy adhesive produced by CIBA Polymers. It is a multipurpose, heat curing thix- 
otropic (no flow during cure) paste adhesive of high strength and toughness. AV 119 is suitable 
for bonding a wide variety of metals, ceramics, glass, rubber, temperature resistant plastics and 
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many other materials. It also has very good peel strength and good chemical resistance. In terms 
of physical appearance, AV 119 is beige in colour both before and after curing. 
Steel was used in the bonded j oint fracture tests such asin Mixed Mode Flexure test and 
Notched Coating Adhesion test as the predictive modelling was to draw on existing 
steel\AV 119 long term joint durability data. An alumina grit blast surface treatment was used 
on steel to provide adequate interface strength and a similar surface treatment to existing joint 
data. 
3.2 Artificial Ageing Environment 
The adhesive was degraded by placing the samples into a hot-moist environment. Artificial 
ageing environments were used, instead of a natural environment, to provide a controlled deg- 
radation. The configuration of the ageing environment is an important task and guidance can be 
obtained from ASTM E104 [147] or BS 3718. However, the important specifications are briefly 
mentioned, including the ageing chamber, saturated salts solution and the hygrometer. 
Glass containers are used for all the experiments as shown in Figure 3-1. The container must be 
air tight in order to obtain stable relative humidity (RH). A simple rubber bung will give excel- 
lent sealing for the 250m1 cone flask. For the rectangular glass container, it was found that a 
rubber foam sealing strip with dead weights compressing the rubber sealant against the lid pro- 
vide sufficient sealing and allows accessibility. The size of the container used provided enough 
space to store the intended number of specimens for exposure and easily conformed to the max- 
imum ratio of storage volume to solution surface area of 25cm3/cm2 stated in ASTM standard 
[147]. The moisture environments were generated using different saturated salt solutions to 
obtain different RH at a fixed temperature of 50°C. High RH environments were used to accel- 
erate the degradation as listed in Table 3-1. 
The saturated solutions were prepared by mixing a sufficient analytical grade salt with distilled 
water to ensure there was an excess of solid salt no longer dissolved. A depth of 5mm saturated 
solution in the container is sufficient. The environment may take several hours to reach equilib- 
rium depending on the stability of temperature and the size of the container. The RH created 
3.2 Artificial Ageing Environment 60 
University of Surrey ('hu/urr 3. Lxpc°rirrrenial T°. slirrg 
was monitored by a digital Hygrometer. The hygrometer used has the range of measurement 
from 10 to 95%RH with accuracy of 3% and the allowable operating temperature is between 
0°C to 50°C. The calibration of the hygrometer was carried out first at two specific relative 
humidities (33% and 75% RH) using saturated MgC1 and NaCI solutions respectively in a cone 
flask as instructed by the manufacturer. The probe was placed inside the oven, leaving the read- 
ing console outside. Each of the environment chambers were placed in the oven and were mon- 
itored one by one to ensure the desirable environment has been achieved as shown in Figure 3- 
2. The oven is equipped with a fan ventilation system to ensure an even temperature distribution 
across the entire space. This setup was used for all the experimental work. 
Table 3-1. Selected ageing environment used at 50°C 
Salts Relative Humidity, % RH 
KC1 81.2 ±0.3 
K2SO4 95.8 ±0.5 
(a) (b) 
Figure 3-1. Ageing chamber: (a) 250m1 cone flask; (b) l90xl4Oxl4Omm ageing chamber. 
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Figure 3-2. Each of the ageing chambers was placed in the air ventilated oven at 50`C. 
3.3 Moisture Uptake Measurement 
The moisture uptake performance and subsequent mechanical property measurement of the 
adhesive were implemented using thin film bulk adhesive specimens. Three thicknesses of bulk 
adhesive (0.4mm, 0.8mm and 2.0mm) were considered. The moisture uptake performance 
determined, were needed at a later stage in the modelling work. Since both moisture uptake 
parameters and mechanical properties were needed, dogbone specimens were manufactured to 
fulfill both requirements. The specimen sizes resulted in a suitably large surface area to thick- 
ness ratio, ensuring that the diffusion process is essentially one-dimensional. 
There are three basic stages in making the bulk tensile specimen. First of all, the adhesive was 
cast into small individual sheets of bulk adhesive, as shown in Figure 3-3(a) by sandwiching the 
adhesive paste between two steel plates covered with release film. The thickness of the bulk 
adhesive was controlled using spacers. Then, the adhesive was cured at 120°C for 2 hours. Cast- 
ing a small sheet of bulk adhesive has more advantages than a big sheet of adhesive because it 
allows trapped air to escape and promotes uniform curing due to the small temperature gradient 
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across the adhesive. This individual bulk adhesive film was machined into the required profile 
with dimensions as shown in Figure 3-3(b). Lastly, the specimen was finely abraded to remove 
approximately 500µm with 120-graded sand paper. The completed dogbone specimens were 
kept in a dry desiccator for further experiment. 
(c) 
Figure 3-3. (a) Individually cast adhesive sheet; (b) Final dogbone specimen (all dimension is in mm); (c) 
Arrangement of the dogbone specimens in the ageing chamber. 
3.3.1 Experimental Procedures 
The moisture uptake experiment with AV 119 was investigated at three different environments 
(81.2%, 95.8%RH and submerged in water) and at three different thicknesses (0.4,0.8 and 
2mm). Each of the specimens were numbered and hung evenly on a bung using steel wires. This 
was securely inserted in the 250ml cone flask as shown in Figure 3-3(c). For ageing in water, 
the specimen was submerged in a container filled with distilled water. The removal of the spec- 
imen for weighting was carried out such that the disturbance on the equilibrium and temperature 
in the chamber was minimised. The surface of the specimen was wiped dry using analytical 
grade tissue paper before weighting. The specimen was then returned to the chamber as soon as 
possible. The initial weight of the dry bulk specimens, Mo, was first measured using a Mettler 
M5 analytical microbalance. The subsequent weighting of the exposed bulk specimens, Mr, was 
undertaken periodically with the exposure time recorded. The moisture content (mwtr) can be 
calculated at each exposure time using Equation (3-1). 
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(3-1) 
The percentage mass uptake as a function of exposure time is shown in Figures 3-4 to 3-6 for 
increasing bulk thickness. It is noted that the rate of mass uptake was greater at the beginning 
of the exposure and gradually diminished as the moisture content approaches the saturation 
level in all cases. The effect of ageing environment on the saturation level is clearly observed 
for all different thicknesses as listed in Table 3-2. 
The saturation level increases with relative humidity and this is consistent with published data 
[30,33,41 ]. Furthermore, the results also show that there was a huge increase of saturation level 
between 95%RH and submerged in water. This can be attributed to the different level of hydro- 
thermal degradation. The saturation level was not very different between thickness of 0.4mm 
and 0.8mm but there was an additional mass gained about 1-1.7% for 2.0mm thick specimen. 
This could be due to the microstructural differences originated from different molecular cross 
linking, heat extraction process when curing, voids, residual stresses and degradation. These 
possibly create different materials. After making basic observations, it is necessary to obtain the 
diffusion parameters that best fit the experimental data for modelling purposes. The two meth- 
ods that had been studied previously involved single stage and dual stage Fickian diffusion [47]. 
Table 3-2. Moisture saturation levels for different ageing environments and thicknesses at SO°C 
Moisture saturation level (%mwt. ) 
Thickness 
Ageing Environment I 0.4mm 0.8mm 2mm 
81.2% RH 3.07 3.06 3.96 
95.8% RH 4.99 5.01 5.93 
Water 7.43 7.60 9.26 
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Figure 3-4. Mass uptake as a function of exposure time for 0.4mm thick bulk AV 119. 
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Figure 3-5. Mass uptake as a function of exposure time for 0.8mm thick bulk AV 119. 
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Figure 3-6. Mass uptake as a function of exposure time for 2.0mm thick bulk AV 119. 
3.3.3 Single Stage Fickian Diffusion 
Fick's law is commonly used to model the diffusion behaviour of moisture into adhesive poly- 
mers. Fick's first law suggests that the diffusion flux vector at any point is instantaneously pro- 
portional to the spatial diffusant concentration gradient in that direction [26]. Considering the 
one-dimensional case, this is written for the x-direction in Equation (3-2) where J, r is the diffu- 
sion flux, D is the Fickian diffusion coefficient and c is the concentration of moisture at a given 
point. 
Jx -Däx (3-2) 
This solution can be solved analytically giving the temporal and spatial moisture concentration, 
ct, in Equation (3-3); where c,,, is the maximum equilibrium diffusant concentration, x is mea- 
sured from the centre plane of the film with half thickness I and t is the time of exposure. This 
equation assumes that the film starts off initially at zero moisture concentration throughout and 
also that the surfaces of the one-dimensional sheet attain saturation immediately upon exposure 
to the moisture. As it is experimentally difficult to measure moisture concentration at any point 
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across the adhesive, the above expression is usually integrated to give the fractional mass uptake 
as a function of time in Equation (3-4); where mwtt is the mass gained for a exposure time and 
mwt, is the maximum equilibrium mass gained. Another form of equation used to determine 
the Fickian diffusion coefficient is given in Equation (3-5) which is a close approximation to 
Equation (3-4) up to about 60% of the initial fractional mass uptake. Equation (3-5) was used 
to determine the constant Fickian diffusion coefficient of the experiment data and the summary 
of the results are listed in Table 3-3. 
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Table 3-3. Summary data of single Fickian diffusion coefficient 
Diffusion Coefficient, D (m2/s) 
Thickness 
Ageing Environment 0.4mm 0.8mm 2mm 
81.2% RH 24 x 10"14 29 x 10-14 38.5 x 10"14 
95.8% RH 23 x 10-14 29 x 10-14 28.3 x 10-14 
Water 13 x 10-14 15 x 10-14 19.0 x 10"14 
The results show that the diffusion coefficient is not sensitive to relative humidities of 81.2% 
and 95.8%RH for 0.4mm and 0.8mm respectively. Brewis et al. [38] also obtained this behav- 
iour with a different adhesive. The diffusion coefficient for the 2mm thick specimen shows a 
constant reduction with a increasingly moist environment. This observation was noted in 
Figure 2-9(b) as well. In all cases, the diffusion coefficient is much lower when exposed to 
water. This is attributed to the diffusion coefficient having an inverse relation with the maxi- 
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mum equilibrium mass (mwt,, ) gained. This leads to lower diffusion coefficients when exposure 
to higher moisture environments [39]. The moisture uptake of the experiment can be predicted 
using the Equation (3-4) with the respective diffusion coefficients listed in Table 3-3. These 
predicted results are shown in Figures 3-7 to 3-9. From these figures, it can be seen that the 
single stage Fickian diffusion model with constant diffusion coefficient failed to fully reproduce 
the experimental uptake curves in all cases except 2.0mm thick adhesive, which shows reason- 
able agreement. As indicated earlier, the molecular cross linked structures of 2.0mm bulk adhe- 
sive could be different compare to thin specimens. The Fickian diffusion overpredicts the 
experiment results after the initial linear agreement. This observation was also reported in 
[44,46,47]. This suggests that the uptake for thicker specimens or for longer diffusion paths will 
behave more like Fickian diffusion and thin specimens normally show anomalous uptake 
behaviour. In order to fit the thin specimen uptake performance, a dual stage Fickian diffusion 
model was employed. 
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Figure 3-7. Experiment data fitted with single Fickian diffusion for 0.4mm. 
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Figure 3-8. Experiment data fitted with single Fickian diffusion for 0.8mm. 
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Figure 3-9. Experiment data fitted with single Fickian diffusion for 2. Omm. 
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3.3.4 Dual Stage Fickian Diffusion 
Dual stage Fickian diffusion consists of two single Fickian diffusion models in parallel. Both of 
the single Fickian diffusion models have a diffusion coefficient (DI and D2) and saturation level 
(mwt j, and mwt2a, ). The fractional mass uptake for each Fickian diffusion model are shown in 
Equation (3-6) and Equation (3-7). The total mass uptake, mwtt, is the sum of each mass uptake 
from the two Fickian diffusions as shown in Equation (3-8). Similarly for the temporal and spa- 
tial moisture concentration for both of the single Fickian diffusion models (car and c2t) are given 
in Equation (3-9) and Equation (3-10). The sum of these equations gives the dual stage Fickian 
moisture concentration profiles in Equation (3-11). These form the complete dual stage Fickian 
diffusion model where DI, D2, mwtt, and mwt2, are the controlling parameters. 
mwt1,8 1 -D1(2n+ 1)2n2t =1--ý exp (3-6) 
mwt1oo n2 = o(2n + 1)2 412 
mwt2t 8ý1 -D2(2n + 1)271 
21 
=1--2: exp (3-7) mwt2oo lt n=o(2n+1)2 412 
mwti = mwtll + mwt21 (3-8) 
cif 
= -ý 
j (-1)" 
exp 
-DI(2n+1)2 
2t 
cos((2n+1)nzl (3-9) 
1" n=o(2n+1)2 412 
21 J 
c2` 
=1-4j 
(-1)" 
2exp 
-D2(2n 
21)2lt2 
t 
cos((2n 21 
)ltx 
(3-10) 
C2oo 7r = 0(2n + 1) 41 
) 
Ct =C1t i- C2, (3-11) 
A sample calculation of this dual stage Fickian diffusion model is shown in Figure 3-10. The 
figure shows the first stage and second stage where Dl is greater than D2 and mwtl Q, is less than 
mwt2, The combination of these two curves gives the dual stage uptake. The moisture concen- 
tration profiles for single stage uptake can be obtained using Equation (3-3). Plotting the mid 
plane concentration (x = 0) against the fractional mass uptake Equation (3-4) give a unique 
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curve (dash line) as shown in Figure 3-11. This curve shows that the mid plane moisture con- 
centration lags behind the fractional mass uptake at the beginning of exposure. This is due to 
the additional time required for the moisture to reach the mid plane. After 0.35 fractional mass 
uptake, the mid plane concentration increases linearly until it reaches the saturation level (cam = 
mwt, ). The same calculation was determined using the dual stage Fickian diffusion model and 
the solid line in Figure 3-11 shows the variation of mid plane concentration (x = 0) with the dual 
stage fractional mass uptake. Comparing the single and dual stage responses, the dual stage 
gives a relatively higher mid plane concentration at a lower fractional mass uptake. This is due 
to the higher diffusion coefficient, Dl, that causes faster transport through the thickness of the 
medium. 
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Figure 3-10. Dual stage Fickian diffusion is the combination of two single stage Fickian diffusion. 
A least mean square approach together with a univariant search method [ 151 ] were developed 
using MATLAB programming to obtain the best fit diffusion parameters (Dl, D2 and mwtl, ) 
for the experimental results. The experimental results have been converted into polynomial 
functions which were needed to obtain a meaningful least square fit over the uptake curve. It 
was found from the fitting process that D, was within the range of 90 to 110x10-14 m2/s for all 
ageing environments and thicknesses considered. This could indicate that the initial mass 
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uptake of the adhesive seems to be independent from the relative humidity and thickness; 
whereas D2 is not. After fixing the DI values at l 00x 10" 14 m2/s, the D2 and mwtl were obtained 
by running the search program again. The results of these fitting processes are listed in Table 3- 
4. 
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Figure 3-11. The variation of moisture concentration with fractional mass uptake at a mid plane of a sample of 
thickness 21. The single stage Fickian diffusion has a unique curve whereas dual stage Fickian diffusion depends 
on the diffusion parameters. 
Table 3-4. Uptake parameters for dual stage Fickian diffusion 
Ageing Diffusion Coefficient, Diffusion Cjefficient, 
Thickness Environment D1 (m /s) D2 (m /s) %mwtlý 
81.2% RH 100.0 x 10"14 2.5 x 10-14 1.3464 
0.4mm 95.8% RH 100.0 x 10"14 2.3 x 10-14 2.2132 
Water 100.0 x 10-14 1.5 x 10.14 2.4519 
81.2% RH 100.0 x 10'14 11.0 x 10"14 1.071 
0.8mm 95.8% RH 100.0 x 10-14 14.0 x 10"14 1.503 
Water 100.0 x 10-14 5.0 x 10-14 1.824 
81.2% RH 100.0 x 10"14 18.5 x 10-14 1.3464 
2mm 95.8% RH 100.0 x 10"14 21.0 x 10-14 1.3512 
Water 100.0 x 10"14 14.0 x 10"14 1.2038 
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The predicted results for each moisture uptake experiment carried out were obtained using the 
parameters listed in Table 3-4 and they are shown in Figures 3-12 to 3-14. The results show 
excellent prediction of the uptake behaviour in all cases. The plot of the moisture concentration 
at the mid plane against the fractional mass uptake for all three thicknesses is shown in Figure 3- 
15 at 81.2%RH. The figure shows that the 2mm thick specimen behaves more closely to a single 
stage Fickian diffusion. This was also observed in Figure 3-9. Whereas the thin specimen, for 
example 0.4mm thick, deviates from single Fickian diffusion. The reason is that the moisture 
diffuses into a thin specimen much faster and occupies the existing voids available in the micro- 
structure which leads to a mass gained of mwtl '. The second stage uptake becomes apparent 
when volumetric swelling occurs and voids enlarge. This generally results in an additional 
amount of mass gained (mwt2j at a lower diffusion rate. This argument is supported by the 
swelling behaviour shown in Figure 3-27 where the swelling is low at the beginning and then 
increases after the mass gained is greater than mwtl, The dual stage Fickian diffusion is less 
apparent in thick specimen as it lacks the ability to swell as a result of the long diffusion path. 
Figure 3-16 shows the moisture concentration profiles for both single and dual stage Fickian 
models for 0.4mm thick specimen exposed at 81.2%RH. It is clear that dual stage Fickian dif- 
fusion changes the profiles especially the mid plane concentration at a given time. 
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Figure 3-12. Dual stage Fickian diffusion prediction for 0.4mm thick specimen for the range of ageing 
environment. 
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Figure 3-13. Dual stage Fickian diffusion prediction for 0.8mm thick specimen for the range of ageing 
environment. 
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Figure 3-14. Dual stage Fickian diffusion prediction for 2.0mm thick specimen for the range of ageing 
environment. 
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Figure 3-15. The variation of mid plane moisture concentration with fractional mass uptake. The thin specimen 
deviates from single stage Fickian diffusion. 
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Figure 3-16. Moisture distribution profiles for both single (F) and dual Fickian (DF) uptake of 0.4mm think 
samples exposed to 81.2%RH at 50°C. 
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Moisture uptake measurements were carried out to obtain the diffusion parameters of the adhe- 
sive. The results showed that the saturation level increases with increasing relative humidity. 
Single stage Fickian diffusion has failed to model the uptake response of the bulk adhesive for 
all ageing environments and thicknesses. Instead, dual stage Fickian diffusion has been pro- 
posed and it gave an excellent fit to the experimental results in all cases. It was proposed that 
the uptake of the thin specimen behaves more like the dual stage model whereas the thick spec- 
imen tends to show a single stage response. The dual stage Fickian uptake was attributed to the 
hydrothermal degradation of the thin bulk adhesive. These dual stage Fickian diffusion pro- 
cesses can easily modelled using finite element analysis as discussed in Section 5.2 on 
page 130. 
3.4 Moisture Dependent Mechanical Properties of the Bulk Adhesive 
In order to take into account the moisture dependent properties in finite element modelling, it 
was necessary to characterise the change of mechanical properties as the adhesive was degraded 
in a moist environment. These properties can be obtained using a quasi-static uniaxial tensile 
test over a range of ageing environments and exposure times. 
3.4.1 Test Setup 
The test setup is rather simple. The preparation of dogbone specimens has been described in the 
previous section. The dogbone specimens were aged at 50°C in three different ageing environ- 
ments namely the 81.2%RH, 95.8%RH and submerged in water. The experiments were carried 
out on two thickness of bulk adhesive (0.4mm and 0.8mm) to observe any difference in moisture 
degradation since the uptake response was almost the same, as discussed in Section 3.3.2. The 
test was carried out with an Instron servo-electromechanical testing machine. A 5kN load cell 
was used and the tests were carried out at a constant crosshead speed of 0.5mm/min and at room 
temperature. A 10% full scale, contacting extensometer was used to record the axial strain. The 
load cell and the extensometer were calibrated prior to any testing. Calibrating the load cell was 
done automatically when the machine started up and was counter checked by using calibration 
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weights. On the other hand, calibration of the extensometer was carried out manually, with two 
calibration points set with the aid of the bench micrometer, as shown Figure 3-17. The calibra- 
tion was counter checked again before it was used in the experiment. 
_ ý. . 
ýý 
.. ý. 
Figure 3-17. Calibration of contacting extensometer using a bench micrometer. 
Stationary arm 
Extensometei 
Moving arm 
Figure 3-18. Tensile test setup for the dogbone specimen. 
O-ring 
Dogbone specimen 
Rubber block 
The test setup is shown in Figure 3-18. The specimens were wrapped with cling film to avoid 
desorbtion that may lead to strength recovery when transporting from the ageing chamber to the 
test lab. The fragile dogbone specimens were carefully aligned and clamped at both ends with 
Instron Wedge Grip. A 10% full scale extensometer was attached to the specimen by means of 
O-rings and small pieces of rubber backing block at a standard gauge length of 25mm. The sta- 
tionary arm of the extensometer was located at the top of the gauge length while the moving arm 
was on the bottom. The body of the extensometer was attached by a long rubber band to the 
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upper stationary wedge grips to reduce the bending applied to the thin dogbone specimen. The 
test data was automatically logged into the computer for further processing. 
3.4.2 Experimental Results 
The test results were analysed using the Instron Merlin program where the mechanical proper- 
ties such as stress, strain and modulus were calculated. The definition of these mechanical prop- 
erties are shown in Equation (3-12) to Equation (3-14); where F is the axial force, A is the cross 
section area, AL and La are the extension and gauge length respectively, E2 -c1 is the difference 
in strain and a2 - ß, is the corresponding stress difference in the linear region of the stress 
strain curve. According to Merlin software, the calculation of modulus is taken as the maximum 
of the slopes obtained over the strain specified range of 1.75%, which is subdivided into six 
regions. Each region gave the equivalent strain difference of 0.29% which is close to the stan- 
dard value in [148]. The typical uniaxial stress strain curves for the 0.8mm thick adhesive for 
different levels of moisture content are shown in Figure 3-19. 
Axial stress: a=Ä (3-12) 
Axial strain: c 
AL 
=L (3-13) 
0 
Elastic Modulus: E= 
a2 -aI (3-14) 
s2-E1 
From the figure, it is apparent that the elastic modulus and ultimate tensile stress reduced as 
moisture content increased. The moisture dependent mechanical properties obtained, such as 
the elastic modulus, UTS (ultimate tensile stress) and yield stress (0.2% proof strain) are listed 
in Table 3-5 and Table 3-6 for both the 0.8 and 0.4mm thick bulk adhesive specimens respec- 
tively. It has to be mentioned that the measured properties are an average values because of the 
existence of moisture profiles (except the saturated exposure). In order to a give better over- 
view, the results of the moisture dependent mechanical properties are shown in Figures 3-20 to 
3-22 as a function of fractional mass uptake based on a saturation value of 7.60%mwt,. In 
all the figures, the 0.4mm and 0.8mm specimens gave consistent results. Looking at the elastic 
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modulus, both 0.8 and 0.4 mm specimens show a steady reduction of 38% in elastic modulus. 
This observation was also noted in [55,67]. The reduction of elastic modulus is due to the dis- 
ruption of hydrogen bond between the molecular chains and hydrolysis degradation (chain scis- 
sion) in the adhesive. The difference in elastic modulus between 0.8mm and 0.4mm specimens 
is small and negligible. 
on 
n 
"/. Tensile Strain, c 
Figure 3-19. Moisture dependent stress strain curve for 0.8mm thickness AV 119 dogbone specimens tested at 
room temperature. 
A similar trend of reduction is observed for the yield stress in Figure 3-21. According to 
Figure 3-22, a 51 % drop in ultimate tensile stress was noted. It would appear that moisture deg- 
radation has a more pronounced on the ultimate tensile stress than the modulus. This observa- 
tion was noted by others [58] using the same adhesive AV 119 but in a thicker specimen. Both 
0.8mm and 0.4mm show very close agreement in all results, which is due to the fairly similar 
uptake characteristics, seen in Section 3.3.2. After looking at the three important moisture 
dependent mechanical properties, it can be concluded the mechanical properties seem to be only 
a function of moisture concentration and not time. This was noted when the same level of mois- 
ture content was achieved using two different relative humidities at different exposure times but 
still gave consistent mechanical properties; for example, it took about a day and 30 days to 
achieve 2.5%mwt with 95.8%RH and 3%mwt with 81.2%RH respectively but the mechanical 
properties obtained from both are consistent as indicated in Table 3-5. 
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Premature failure was often observed at the contacting point of the extensometer especially in 
the 0.4mm thick dogbone specimens. This is due to the damage caused by the sharp edge of the 
contacting extensometer. This indicates the disadvantage of using contacting extensometry on 
the thin film adhesive. 
Table 3-5. Moisture dependent properties of 0.8mm thick AV 119 adhesive 
Moisture Content, Ageing Young's Modulus Ultimate Tensile 
% mwtt Environment (MPa) Stress (MPa) Yield Stress (MPa) 
0.00 - 2811±62 62.9 42.3f0.1 
0.56 81.2% RH 2644 f 101 59.5 40.7 ± 1.4 
0.92 95.8% RH 2577 f 20 55.9 40.7 ± 0.1 
1.00 81.2% RH 2523 t 31 54.8 41.3 ± 1.1 
1.23 81.2% RH 2461 f 39 55.7 39.9 ± 1.6 
1.65 81.2% RH * 54.5 
2.00 95.8% RH 2315 f 59 53.0 39.3 ± 1.6 
2.50 95.8% RH 2358 f 45 51.1 39.8 ± 0.4 
3.00 81.2% RH 2284 f 44 49.7 37.3 ± 1.3 
3.50 95.8% RH 2091 f 85 44.3 32.8 ± 0.2 
4.30 95.8% RH 2009 f2 44.3 28.9 ± 2.9 
4.50 95.8% RH * 40.2 
5.00 95.8% RH 1941 f 47 35.9 28.5 f 1.0 
7.60 Water 1767 31.1 22.8 
Table 3-6. Moisture dependent properties of 0.4mm thick AV 119 adhesive 
Moisture Content, 
%mwtr 
Ageing 
Environment 
Young's Modulus 
(MPa) 
Ultimate Tensile 
Stress (MPa) Yield Stress (MPa) 
0.00 - 2670 ± 71 63.0± 2.8 44.9 ± 1.3 
0.65 81.2% RH 2607 ± 48 ** 41.5 
1.00 95.8% RH 2429 ± 36 ** 40.5 ± 1.9 
1.40 81.2% RH 2363 ± 96 55.2 39.1 ± 3.3 
2.15 81.2%RH 2393±48 38.6± 1.6 
3.00 81.2% RH 2265 ± 19 45.7 36.4 ± 5.0 
4.20 95.8% RH 2063±99 44.0±0.9 31.8±0.3 
5.00 95.8% RH * 36.7 ± 3.8 - 
7.43 Water 1660± 85 30.3 ± 1.3 23.1 f 0.1 
*preliminary test; ** premature failure 
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Figure 3-20. Moisture dependent elastic modulus of AV 119. 
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Figure 3-21. Moisture dependent yield stress of AV 119. 
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Figure 3-22. Moisture dependent ultimate tensile stress UTS of AV119. 
The hydrothermal degradation that occurred in the adhesive was visually observed as a bleach- 
ing of colour from beige (see Figure 3-3) to white as shown in Figure 3-23. This change of 
colour could be used as a rough indication of degradation of a structural adhesive after exposure 
to moisture. Possibly, the adhesive manufacturer would like to consider this as an option in pro- 
ducing a durability prediction friendly adhesive assessed by a change of colour. 
Figure 3-23. Degraded dogbone specimen after being submerged in water at 50°C for 60 days. The colour 
changes from beige to white. 
3.4.3 Summary 
Tensile tests of bulk adhesive after exposure to a range of moist environments and exposure 
times have characterised the full mechanical response as a function of fractional mass uptake. 
The elastic modulus, ultimate tensile stress and yield stress of the adhesive reduced with 
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increasing fractional mass uptake. Although the specimens were exposed to three different envi- 
ronments to obtain different moisture concentrations, the mechanical properties seem to be a 
function of moisture only. The mechanical properties obtained with 0.4mm and 0.8mm thick 
specimen did not show any significant difference. Hence, the moisture dependent mechanical 
properties obtained from the 0.8mm thick specimens were used in finite element analyses 
in Chapter 5,7 and 8. This enables the variation of mechanical properties in the adhesive layer 
to be included in the coupled diffusion-mechanical analyses. 
3.5 Thermal and Swelling Strains in the Adhesive 
Thermal and swelling stresses exist in most adhesively bonded structural systems. Thermal 
stress develops inab i-material system t hat experiences ac hange int emperature. S welling 
occurs when the adhesive absorbs moisture from the environment that leads to volumetric 
expansion [36,39,41 ]. These stresses can affect the durability of the adhesive [61,63,65]. In the 
following subsections, the swelling characteristic was determined first using bulk adhesive 
exposed to moisture. Then, the thermal properties were characterised using a bi-material curved 
beam and lastly the combined effect of thermal and swelling strains were investigated. 
3.5.1 Swelling of the Adhesive due to Moisture Uptake 
6v 
St 
Figure 3-24. Swelling of adhesive in three dimensional space. 
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Swelling of the adhesive has a significant effect on its durability. The moisture diffuses into the 
existing voids and boundary space, attacks the crosslinked structure of the adhesive, displaces 
the free volume of the adhesive in three-dimensional space and causes swelling as shown in 
Figure 3-24. Dogbone specimens with a thickness of 0.4mm were used to determine the swell- 
ing effect as shown in Figure 3-25. The thin specimen gave a more uniform moisture profile and 
uniform swelling. The specimens were exposed at 50°C 81.5%RH, 95.8%RH and fully sub- 
merged in water as described in Section 3.3.1. By assuming that the adhesive has the same 
swelling strain in all dimensions, a one-dimensional swelling strain was measured using a non- 
contacting projector microscope as shown in Figure 3-26. 
Two pairs of gauge lengths (LA and LB) as shown in Figure 3-25 were lightly marked on the 
surface of the specimen using a sharp knife. The distance of each gauge length was measured 
using a projector microscope. The marking were easily located as shown in Figure 3-26. Since 
it was difficult to align the specimen to the projector microscope's measuring axis, the size of 
each gauge length was determined by using Equation (3-15). This measurement was done 
before and during exposure to moisture to obtain the Lo and L, respectively. The difference 
between Lo and L, gives the extension, ALE. The exposed specimens were allowed approxi- 
mately 10 minutes to cool down from 50°C to a room temperature of 23°C in order to remove 
the effect of thermal expansion before measuring the Ll. The moisture uptake of the specimens 
were also recorded using Equation (3-1) on page 64. The specimen was returned to the ageing 
environment and the cycle repeated. The swelling strain, sswq was calculated using Equation (3- 
16). 
LA Ii 
Ln 
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Figure 3-25. Dogbone specimens were used for swelling measurement. 
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Figure 3-26. Swelling strain measuring instrument (a) projector microscope; (b) exact view when measuring; (c) 
the scratched lines were visible. 
Li = 
jy, 2 
+ x" 
2, 
where i=o, t (3-15) 
AL I Esw =L (3-16 ) 
The results from the experiments are shown in Figure 3-27. Each of the data points shown is the 
average strain value obtained from the gauge length of LA and LB. The standard deviation of 
each data point was very small. The swelling of the adhesive starts off slow at a low moisture 
concentration and then swelling picks up and behaves linearly beyond fractional a mass uptake 
of 0.2. The slow swelling at the beginning is due to the diffused moisture filling up the existing 
voids where only limited volumetric displacement occurs. The swelling becomes more apparent 
when the diffused moisture causes degradation where the voids enlarge and expand. The swell- 
ing stopped when the specimen reached its saturation level. The maximum swelling achieved is 
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nearly 2% when submerged in water at 50°C. Swelling strains of 3% have been recorded else- 
where [56] where the same adhesive was exposed at 60°C. It is not surprising that more exten- 
sive swelling comes from greater thermal expansion and hydrolysis attack which leaves more 
voids for moisture diffusion in the adhesive that, in turn, causes more volumetric displacement. 
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Figure 3-27. Swelling strain as a function of moisture content. 
The results showed excellent agreement even though they were exposed to different ageing 
environments and exposure times. This leads to the conclusion that the swelling is only a func- 
tion of the amount of moisture and does not show any significant dependence on the relative 
humidity in which they were exposed. Note that the same remark was applied to the moisture 
dependent mechanical properties in Section 3.4.2. The maximum swelling recorded for 
81.2%RH, 95.8%RH and submerged in water are 0.9%, 1.4% and 1.89% respectively. No fur- 
ther swelling was recorded after they reached their saturation level. The swelling coefficient 
was determined using FE methods in Section 5.3 which took into account the dual stage Fickian 
diffusion observed in Section 3.3.4 on page 70 for the thickness of 0.4mm. The swelling coef- 
ficient obtained has been used to model the swelling effect in bonded joints at a later stage. 
3.5 Thermal and Swelling Strains in the Adhesive 86 
University of Surrey Chapter 3: Experimental Testing 
3.5.2 Thermal Response of the Adhesive 
Characterisation of the thermal response through the coefficient of thermal expansion (CTE) 
was carried out using the bi-material curved beam. When two dissimilar materials are firmly 
attached and experience a drop in temperature, the bi-material bends and curves depending on 
the CTE of the materials. If the CTE of one material is known, it is possible to measure the CTE 
of other material using an analytical solution. 
The analytical solution assumes the elastic modulus and CTE of the two materials as El > EZ 
and al > az respectively. The beam bends as shown in Figure 3-28(a) when experiencing an 
increase of temperature, AT. The longitudinal forces normal to the cross section, F1 and F2 are 
required to modify the free thermal expansion as shown in Figure 3-28(b). These are tensile and 
compressive respectively have the same magnitude as shown in Equation (3-17). When there is 
no external moment, M, and M, are the moments which must balance the internal axial forces 
in Equation (3-18). The sum of moment acting on the curved beam must equal to zero due to 
static equilibrium. M, and Mz are defined in Equation (3-19) and Equation (3-20) respectively 
with assumption that R1= R2= R. 
T 
(a) 
R2 
(b) 
f 
Fý A 
f 2)M2 
Figure 3-28. (a) The deflection and (b) sectional view of the bi-material curved beam. 
F, = F2 =F (3-17) 
F(dj +d, ) 
MI +M2 =2 (3-18) 
E 
MI = RI 
1, 
(3-19) 
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E212 M, E, I2 
M2 = RZ = Eile (3-20) 
Across the cross section, the longitudinal strain is the sum of strain induced from axial forces, 
the strain due to bending and strain due to expansion. The strain at interface of both materials 
must be equal and this gives the relationship in Equation (3-21). The radii of curvature of the 
central neutral axes of each strip, as shown in Figure 3-28, can be determined using Equation (3- 
22) after the central deflection has been measured. From the deflection measurement, 8, the 
radius R, the couples, M, and M2 and axial force, F can be determined using the equations 
above. The CTE of second material ((X2) can be determined using Equation (3-23), obtained by 
rearranging Equation (3-21). 
F' 
+MI 
dI 
+a, OT= - 
F2 
-E -+a2AT (3-21) A1E, 2EI11 A2E2 2E212 
2 
R2=(R-8)2+L2= R= ZS, 2«R (3-22) 
1F Mid, F2 Md 
a2 ; i-, El +2EIII +A2E2+2E2I2+aýýTI (3-23) 
3.5.2.1 Experimental Procedure 
A bi-material curved beam was produced by curing a layer of adhesive on a thin steel sheet of 
known dimension. A preliminary study using a two-dimension FE model was undertaken to 
determine the required thickness of the adhesive layer that will give significant deflection for 
practical measurement. In the FE analysis, values of a1 and a2 were assumed to be I1.1x10-6 
*C-1 and 36.2 x 10-6 °C" I for the steel and epoxy adhesive respectively. A drop of temperature of 
100°C was applied. The steel sheet thickness was set at 0.2 mm because of its availability and 
rigidity for the grit blasting process. The effect of varying the adhesive thickness on the radius 
of curvature has been ascertained. It was found that a range of adhesive thicknesses between 
0.2mm to 2mm gave sufficient deflection. Effort has been applied to cast a 0.2 mm adhesive 
layer onto the 0.2mm steel sheet but the end product showed uneven adhesive thickness and it 
was too flexible for handling and even flattened under its own weight. Mishandling of the spec- 
imen could cause undesirable permanent deformation that will induce error into the system. 
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This suggested that a thicker adhesive layer was required. It was found that 1 mm adhesive thick- 
ness was more rigid and robust for manual handling. Therefore, the dimension of the bi-material 
curved beam for the experiment was fixed at 0.2mm steel sheet and Imm thick adhesive. 
A steel strip of dimension as shown in Figure 3-29 was cut out from a larger piece of steel sheet. 
The steel surface was evenly grit blasted with white alumina grit size of 180/220. The steel strip 
was cleaned twice by soaking with acetone in an ultrasonic bath for 2 minutes each and then 
drying at room temperature. AV 119 adhesive was dispensed on to the grit blasted surface. The 
two pieces of 1 mm thick spacer were placed at each end of the strip and a piece of silicon-coated 
melinex film was laid on to the adhesive. After that, the specimen was clamped in between rigid 
plates and cured at 120°C for two hours. The strip was carefully detached from the clamp after 
curing. The spacers at each end were carefully cut out using a saw and any additional adhesive 
was removed using files. The end product of the bi-material curved beam is shown Figure 3-30. 
The beam responded elastically when pressure was applied and released at the middle of the 
beam. Two curved beams were manufactured for this experiment. 
Silicon coated melinex film AV 119 Steel shim l mm thick spacers 
l Omm f 10 
120mm (20mm width) 
4- 10mm 
Figure 3-29. Schematic drawing of the bi-material curved beam. 
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Figure 3-30. L umpletcd bi-material rui ed beam. 
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Figure 3-31. The experiment setup for deflection measurement of the bi-material curved beam using LVDT. 
The experiment setup for measuring the deflection of the curved beam is shown Figure 3-31. 
The LVDT probe was fastened on a standard jig. The LVDT was slightly modified for this 
application where the spring in the spring-loaded probe was removed. The probe itself is very 
light and did not cause significant deflection of the beam. The LVDT was calibrated at room 
temperature and the peak to peak stroke was 4 mm. The effect of temperature on the LVDT mea- 
surement system was shown to be negligible by measuring a known thickness at elevated tem- 
peratures in an oven. All the components except the signal amplification unit were placed in the 
oven. The deflection of the curved beam was measured over a range of elevated temperatures. 
3.5.2.2 Experimental Results 
Figure 3-32 shows the deflection of the curved beam as a function of temperature T. It was 
observed that the deflection reduced linearly as temperature increased. The reference tempera- 
ture TR is the temperature at which the beam is laying flat with no deflection (6=0). This corre- 
sponds to the strains across both materials being equal. TR was evaluated by extrapolating the 
data until it intersected the x-axis as shown in Figure 3-32. The change of temperature, AT, 
experienced by the curved beam was the difference (To - TR) and not the difference of (To - T, ) 
where T, is the curing temperature. This is because the adhesive flows relatively easily at tem- 
peratures a bove TR. This TR is probably r elated to the glass transition temperature Tg ( see 
Figure 2-21(b)). 
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Figure 3-32. Deflection measured as a function of temperature. 
The CTE of adhesive, a2, was calculated at 23°C to 75°C using the Equation (3-23) and was ver- 
ified using finite element analysis (see Section 5.4). It was assumed that the elastic modulus of 
the adhesive and steel were 207GPa and 2774MPa respectively and the CTE for the steel was 
11.1 x 10-6 °C" 1. The CTE as a function of temperature is plotted in Figure 3-33. It was noted that 
the CTE dropped as the temperature increased at the beginning and rose again after the temper- 
ature exceeded 50°C. Both specimens showed consistent results. There are a few possible rea- 
sons for this trend. The adhesive layer expands in both directions when there is an increase of 
temperature. At higher temperatures, the expansion in the other direction could reinforce the 
curved beam. This might make the strip warp and subsequently produce errors in the deflection 
measurement. This error could come from ignoring the change of modulus of the adhesive with 
temperature in the calculating the CTE. However, since all the joint experiments were under- 
taken at room temperature, the average CTE at room temperature has been used in the modelling 
work. In fact, the result obtained from the curved beam was reasonably consistent with the spec- 
ification obtained from CIBA Polymer [ 149] as listed in Table 3-7. The bi-material curved 
beam proved to be successful in measuring the CTE of the AV 119. 
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Figure 3-33. CTE as a function of temperature. 
Table 3-7. CTE for AV 119 obtained from the manufacturer's data and the bi-material curved beam experiment 
Source CTE of AV119, °C-1 
Ciba 5.7 x 10- (20-60°C) and 6.8 x 10-5 (20-100°C) 
Curved beam 6.12 x 10"5 
3.5.3 Residual Strain Effect on the Bi-material Curved Beam 
The bi-material curved beams manufactured above were used to demonstrate the combine ther- 
mal and swelling effect. The curved beam was exposed to the ageing environment and moisture 
diffused through the open face of the adhesive. It was expected that the swelling of the adhesive 
would counter the thermal stress and reduce the curvature of the beam. The reduced curvature 
measured can be compared with the FE modelling undertaken in Section 5.5 for validation of 
thermal expansion coefficient and swelling coefficient of the adhesive obtained separately in 
earlier sections. 
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(a) (b) 
Figure 3-34. (a) Primer paint coated the bi-material curved beam to protect from corrosion; (b) The arrangement 
of curved beams exposed to the moist environment. 
Before exposure to the moist environment, the bi-material curve beam was coated with two 
layers of primer paint (red colour) on the steel sheet and around the perimeter interface as shown 
in Figure 3-34(a). The primer paint protected the steel sheet from corrosion in the moist envi- 
ronment and prevented the moisture diffusing along the interface at the edges. The layer of the 
primer paint has negligible effect on the curvatures of the curved beams. The curved beams 
were then placed into the 95%RH at 50°C for degradation as shown in Figure 3-34(b). The 
curved beams were taken out from the chamber periodically to measure the deflection S. The 
measurement of deflection was taken when the LVDT reading had stabilised to remove the 
effect of thermal expansion. 
The result of measuring the deflection after exposure to the moist environment is shown in 
Figure 3-35. Two specimens, namely A and B, show the same response of initial reduction of 
deflection from about 4.5mm to 1.5 mm when they were exposed for about 45 hours. The reduc- 
tion of curvature of the curved beam is due to the swelling across the exposed surface of the 
adhesive. Beyond this exposure time, the bi-material curved beam warped and twisted which 
led to an increase of displacement at an exposure time of 170 hours. It is suggested that the 
warping and twisting are due to the non-uniform swelling and random failure at the interface 
that produce an unbalance shear stress that is responsible for the twisting. Further FE modelling 
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work was carried out in Section 5.5 on page 136 where a two dimensional plane stress curved 
beam model was used to analyse this combined effect of thermal and swelling strains. 
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Figure 3-35. The reduction of curvature as a result of swelling after exposed to a moist environment. 
3.5.4 Summary 
The swelling of the adhesive was approximately a linear relationship with fractional mass 
uptake in the three different ageing environments, namely 81.2%, 95.8%RH and water immer- 
sion. The low swelling during initial moisture uptake is attributed to the ingress of moisture fill- 
ing up the existing voids with limited the volumetric displacement. The bi-material curved beam 
experiment was used to determine the thermal response of the AV 119 adhesive. The experimen- 
tal setup is simple but manufacturing the beam requires good handling techniques. The beam 
specimens responded elastically which allows the use of the analytical solution. The CTE of the 
adhesive measured experimentally showed good agreement with manufacturer values. Further 
use of the bi-material curved beam investigated the interaction of thermal and swelling strains. 
The results showed the swelling of the adhesive reduces the curvature of the beams but when 
the swelling continues, warping of the specimen was noted. Swelling, thermal and the combine 
thermal and swelling response of the adhesive have been considered. These parameters can be 
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coupled with moisture diffusion to allow thermal shrinkage and swelling to be modelled 
throughout the adhesive with a varying moisture distribution, in the predictive modelling. 
3.6 Moisture Dependent Interfacial Fracture Tests 
In this section, a fracture mechanics approach was used to characterise the strength of the inter- 
face. Unlike the stress approach, fracture mechanics measures and quantifies the mode of failure 
such as mode I, II and III of a cracked bonded joint. It is well established that the failure at the 
interface often occurs in bonded structures that have been exposed to a moist environment. Two 
fracture test configurations were used to characterise interfacial fracture and to find a meaning- 
ful interfacial strength parameter for a range of exposure conditions. These strength parameters 
will be use by rupture elements to model progressive damage along the interface. Detailed 
descriptions of the fracture tests are presented. 
3.6.1 Selection of the Test Configuration 
Since predicting the interfacial strength is the aim of the research, the configuration of the 
bonded joint for characterising the interfacial strength must have mode mixity to maintain the 
failure locus on the interface. Dillard et al. [110], using a simple adhesion test called the 
Notched Coating Adhesion (NCA) test (see Figure 3-36), succeeded in measuring the interfa- 
cial fracture energy. The NCA test was selected for this research not only because of the sim- 
plicity of the test but also the specimen itself promotes accelerated degradation process using 
an open-faced approach. Another test configuration call Mixed Mode Flexure (MMF) was also 
used (see Figure 3-37). This has been used for measuring fracture energies but has not been 
reported in any literature for measuring the moisture degraded interface fracture energy. 
The NCA and MMF have different geometries and loading modes as shown in Figure 3-36 and 
Figure 3-37. Looking at the NCA in Figure 3-36, the configuration is rather simple, consisting 
of a 0.27mm thin coating of adhesive bonded to a single steel substrate 1.58mm thick and 
12.7mm wide. An initial pre-crack or a notch on the interface was introduced near the centre of 
the specimen, after ageing, by using a razor blade to cut firmly across the specimen. This initial 
pre-crack placed significant stress on the interface and usually produced a sharp crack propa- 
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gating along the interface [ 110]. Turning to the MMF test configuration, Figure 3-37 shows a 
cracked laminated beam specimen loaded in 3 point bending. The specimen consists of an upper 
substrate (longer) and a lower substrate. The adhesive thickness of 0.4mm was controlled when 
bonding these two substrates and a 20mm pre-crack was introduced on the interface using a 
Teflon film. The dimensions of the MMF substrates were sufficient to prevent any substrate 
yielding when tested. However, substrate yielding was expected and occurred in the NCA [78]. 
For both test configurations, mild steel with an alumina grit blasting surface pretreatment was 
used. 
Adhesive coating 
tial interface debond 
Figure 3-36. Geometry and loading configuration of the NCA specimen. 
Figure 3-37. Geometry and loading configuration of the MMF specimen. 
3.6.2 Joint Manufacturing Procedure 
Manufacturing the NCA test configuration is simple, whereas MMF required an additional 
stage to complete the joint. Both NCA and MMF have the same initial stage of manufacturing, 
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an open-faced specimen. The second stage of manufacturing for MMF is to bond the lower sub- 
strate with a secondary bonding process. 
The objective of the first stage is to manufacture an open-faced specimen for both NCA and 
MMF. The conventional approach used to degrade the adhesive joint is to place the completed 
test specimen in the moist environment. This allows moisture to diffuse through the perimeter 
of the adhesive as shown in Figure 3-38(a). The process of moisture diffusion is slow due to the 
long diffusion path and may take months or years to achieve the state of saturation, depending 
on the adhesive type, sample geometry and environment. A non-uniform moisture distribution 
exists across the joint, which would be expected to produce a non-uniform degradation of the 
joint. As the results from testing such joints do not represent a uniform state of moisture deg- 
radation, it is impossible to directly use the measured strengths to predict the response of any 
other joint configurations or ageing environments. Recognising the limitations of non-uniform 
degradation and long diffusion paths, an open-faced approach, as shown in Figure 3-38(b), was 
used to accelerate the moisture uptake and provide a uniform degradation across the specimen. 
The open faced specimen consists of a layer of adhesive cast on only one side of the substrate, 
leaving a large surface area of the adhesive for moisture uptake and a very short diffusion path. 
.,., `. il I1, ý Moisture 
fl Adhesive 
Substrate 
(a) (b) 
Figure 3-38. (a) Conventional moisture uptake approach; (b) accelerated moisture uptake using an open-faced 
approach (the arrows show the penetration of moisture). 
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First, each of the substrates was manufactured using a standard machining procedure. Figure 3- 
39(a) illustrates an upper substrate for the MMF test specimen with two steps acting as a spacer 
for controlling the adhesive thickness. This facilitated the casting process. Then, the steel sub- 
strates were degreased for 10-15 minutes in liquid acetone using an ultrasonic bath to remove 
gross surface contaminant. This was followed by grit blasting with 180/220-grit white alumina 
using a Redashe grit-blasting machine operated at 80 psi. The applicator pistol was held approx- 
imately 30-50mm away from and perpendicular to the substrate. After that, the remaining alu- 
mina dust was blown off with pressurised nitrogen gas. Then, another two ultrasonic degreasing 
operations were carried out for about 10 minutes consecutively using fresh acetone. The sub- 
strate was then allowed to dry at room temperature. The surface treated, MMF upper substrate 
is shown in Figure 3-39(b). Casting the adhesive was achieved by using the built in steps and a 
silicon coated melinex film. A piece of thin Teflon film was used to produce a pre-crack length 
of 20mm as shown in Figure 3-39(c) which also shows that a slightly excessive amount of adhe- 
sive was dispensed onto the treated surface to ensure proper distribution of adhesive on the sur- 
face when compressed with a clamp. Multiple specimens were arranged and clamped together 
for curing at 120°C for 120 minutes. After curing, the specimens were allowed to cool down 
slowly in the oven until suitable for handling. The excess adhesive was removed using files 
forming an open-faced specimen as shown in Figure 3-39(d). A similar procedure was carried 
out to manufacture the NCA specimen except that two separate spacers were used for control- 
ling the adhesive layer thickness. The completed NCA specimen is shown in Figure 3-40. 
The open-faced specimens were painted with two layers of primer paint along the open edge of 
the adhesive/substrate bond line to avoid moisture ingress and premature cathodic delamination 
at the adhesive/substrate interface observed in some preliminary studies as shown in Figure 3- 
47. The MMF specimens were exposed to moist environment for degradation. After exposure, 
it was necessary to bond the lower substrate before testing. The exposed adhesive surface of the 
open-faced specimen was evenly abraded with 120 grit abrasive paper, followed by an acetone 
wipe to clean the surface for secondary bonding. The lower substrates of MMF were treated 
with the surface treatment mentioned earlier. Then the two surfaces were bonded with a second- 
ary adhesive namely Ciba Araldite 420 A/B [150]. 
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Figure 3-39. (a) Upper substrate of MMF specimen manufactured from steel using standard machining process; 
(b) after surface treatment; (c) Teflon film was used to generate a pre-crack at the adhesive/substrate interface; 
(d)open-faced specimen of the MMF. 
Figure 340. Completed NCA specimen. 
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There was no control over the thickness of the secondary bond which was kept minimal with 
respect to the primary adhesive. The small amount of secondary bond can only absorb a negli- 
gible amount of moisture from the primary adhesive over a short period of time. Furthermore 
there could be a boundary resistance for moisture diffusion (due to different cross linked struc- 
tures) across the primary and secondary adhesive. Varying the curing condition of the secondary 
bond resulted in an 11% lower failure load when cured at room temperature for 4 to 5 days (rec- 
ommended curing [150]) compared to curing in moist environment at 50°C for 8 to 10 hours. 
This small percentage drop of failure load could be due to the additional time for degradation. 
Thus, the curing condition was set at 50°C for 10 hours in the respective ageing environment to 
obtain full strength, except when the specimen was immersed in water where the secondary 
bond was cured at room temperature for 4 to 5 days. After the secondary bond had cured, the 
specimen was left for a few hours to cool down to room temperature before testing. The addi- 
tional secondary adhesive was removed using a file and abrasive paper until a clear bond line 
was obtained. Finally a mini metric scale was stuck on the side of the specimen to measure the 
crack extension. A layer of correction liquid was applied on the bond line to facilitate the crack 
tip detection. Figure 3-41 shows a completed MMF specimen. 
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The MMF test configuration is shown in Figure 3-42. The specimen was supported by roller 
pins at both ends and a displacement loading was applied at the mid span of the specimen as 
shown in Figure 3-42. As the crosshead drives upwards at a constant speed, the specimen was 
loaded in 3 point bending. This eventually causes crack opening and subsequently allows the 
crack to propagate when it reaches the point of failure. The crack propagation can either be cat- 
astrophic or grow steadily depending on the loading speed and condition. A preliminary study 
of test speed on the initial critical load showed that only a 10% increase in critical load occurred 
when tested at slow speed (0.05mm/min) compared to a high speed (0.5mm/min). Slower crack 
growth was observed when tested at 0.05mm/min whereas catastrophic crack extension occurs 
at the higher speed. Hence, the slower test speed was used because it allows more data can be 
obtained at different crack extensions. At this speed, slip stick crack propagation was obtained 
by employing a special test control. This test control was set to detect 4% drop of initial peak 
load as the crack extends and then rapidly unload to avoid further crack propagation. Then, the 
specimen was reloaded again at the same speed and the opening of the crack allowed measure- 
ment of the new crack length that corresponded to the critical load, with the aid of a video micro- 
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scope. This test cycle was repeated and full slip stick crack propagation was observed for the 
MMF specimens. 
Turning to the NCA test configuration as shown in Figure 3-43, the specimen was loaded in ten- 
sion and perpendicular to the notch at a constant crosshead speed of Imm/min [110]. The spec- 
imen was visually aligned vertically and was gripped with Intron wedge grips at both ends. A 
I OOkN load cell was used to record the applied load. The axial strain of the substrate was mea- 
sured using a 100% full-scale contacting extensometer. The debonding of the adhesive at the 
interface was easily observed visually and the debonding process was recorded using a Sony 
TRV I OE digital video camera. The exact critical time to debond was obtained after analysing 
the video using video editing software. Then, the critical strain was obtained from the recorded 
strain data by synchronising the times. This critical strain was used to determine the fracture 
energy as shown in Chapter 5. 
3.6.4 Experimental Results 
The open-faced specimens of both MMF and NCA were exposed to selected ageing environ- 
ments. The specimens were taken out of the ageing chamber for testing at a range of exposure 
times to obtain moisture dependent interfacial strength characterisation. The open-faced speci- 
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men significantly reduces the exposure time compared to exposing the fully bonded specimen, 
which may take up to a year to saturate. Furthermore, the open-faced specimen allows uniform 
moisture distribution and subsequently gives uniform interfacial degradation. The experimental 
results of both MMF and NCA are discussed separately in this section as the loading and mea- 
suring techniques are different. In the following sections, data are presented for various 
levels of interfacial moisture concentration obtained using dual stage Fickian diffusion at 
a range of exposure times. The levels have been expressed in terms of an equilibrium sat- 
uration c,,, =7.60%mwt. 
3.6.4.1 MMF Experimental Results 
Typical loading histories for undegraded and degraded MMF specimens are shown in Figure 3- 
44. Referring to this figure, the force exerted on the MMF specimen increased gradually as the 
crosshead drove upwards at a constant speed of 0.05mm/min. The crack started to propagate 
when the load reached the peak load. It is also clearly seen that the peak loads drop as the inter- 
facial moisture concentration increased from Oc,,, to 0.3981c,,,,. The test control, mentioned in 
Section 3.6.3, was implemented to obtain the slip stick crack propagation behaviour for each 
moisture concentration as shown in Figure 3-44. Each crack extension was accompanied by a 
reduction of failure load. 
The visibility of the crack was high for the dry samples due to wider crack opening. However, 
the formation of voids in front of crack tip makes exact crack length measurement difficult. On 
the other hand, the visibility of crack was lower for the degraded samples due to the small crack 
opening. Therefore, the measurement of crack length using the video microscope was only an 
approximation except for the initial crack length of 20mm. The failure load at different crack 
lengths is shown in Figure 3-45. The figure shows that the failure load reduced with increasing 
crack length. This is because, for a constant load, the strain energy release rate (SERR) 
increased with the crack length. The failure load also decreased with increasing interfacial mois- 
ture concentration. The reductions of these loads are more significant at lower interfacial mois- 
ture c oncentrations than at higher ones w here t hey appear to flatten o ut, Figure 3-46. This 
suggests that the degradation process saturates. The data obtained were useful especially for 
modelling the progressive damage along the interface using the rupture element (see Chapter 7). 
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Figure 3-44. Typical loading history of undegraded and degraded MMF specimens. 
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Figure 3-45. Failure load of MMF at different crack lengths. 
3.6 Moisture Dependent Interfacial Fracture Tests 104 
University of Surrey 
3. 
z. 
2 2. 
44 
a ý. LD 
Li 1. 
o. 
o. 
Chapter 3: Experimental Testing 
Figure 3-46. Initial peak load (20mm crack length) as a function of interfacial moisture concentration. 
Table 3-8. Summary results for the MMF test configuration 
Interfacial Moisture Concentration, 
c1lc., (c. 7.60%mwt) 
Ageing 
Environment 
Exposure Time 
(hour) 
Initial failure load 
(N) 
0 - 0 2423 ± 171 
0.0041 95.8% RH 3.36 2123 ± 105 
0.0312 95.8% RH 7.20 1969 ± 227 
0.0853 95.8% RH 14.4 1595 ± 202 
0.3248 81.2% RH 240 898 ± 59 
0.3981 81.2% RH 720 811 ± 39 
0.5719 95.8% RH 240 688 ± 74 
0.6592 95.8% RH 720 788 ± 46 
0.9735 Water 1320 544 ± 78 
The initial peak load corresponding to the initial 20mm crack length (Table 3-8) is plot against 
the moisture concentration in Figure 3-46. The results show that the failure load reduced as 
much as 80% with increasing moisture concentration. Furthermore, the degradation appears to 
be uniquely related to the moisture concentration as the different ageing environments (81.2%, 
95.8% RH and water) required different exposure times but were still consistent. The sharp 
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reduction of the interface strength at a low moisture concentration indicates the sensitivity of 
interface to moisture. Beyond a normalised concentration of 0.4, the degradation diminishes and 
the basic residual strength was obtained. The result for this system shows no evidence of a crit- 
ical moisture concentration as mentioned by Gledhill and Kinloch [191 where the degradation 
happens abruptly at a specific moisture concentration. 
Corrosion at the 
interface edges 
Innull I)rirn, II 
bond failure 
I 
Figure 3-18. Failure at the secondary bond. 
Non-uniform 
moisture distribution 
Interfacial failure was visually noted in all cases. The use of primer paint at the bond line edges 
stops the moisture diffusion and premature delamination at the interface. It was observed that 
there were no moisture diffusion fronts or evidence of corrosion at the edge of the bond line, 
unlike those exposed without the primer paint as shown in Figure 3-47. Thus, the load measured 
from the experiment reflects uniform degradation across the interface. Nevertheless, different 
test observations were also noted in the experiment such as failure at the secondary bonding as 
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shown in Figure 3-48. The failure of the secondary bond was due to a local zero thickness of 
secondary bond, resulting as there was no thickness control. The result obtained from this defec- 
tive specimen was discarded. 
3.6.4.2 NCA Experimental Results 
The NCA test results are listed in Table 3-9. From the experiment, the process of debonding was 
clearly observed using the digital video camera as shown in Figure 3-49. The debonding was 
mostly initiated at the edges of the specimen. This caused the crack front to curve during crack 
propagation. The time taken to initiate the crack propagation was determined and the corre- 
sponding critical strain was obtained after processing the video for each of the experiments. The 
critical strain reduced with increasing moisture concentration as shown in Figure 3-50. The 
reduction of critical strain, even at low moisture concentrations, indicates the vulnerability of 
the interface. The trend of these results are similar to the MMF and a 72% reduction of critical 
strain was observed. The reduction of critical strain gradually diminished as the moisture con- 
centration increased. Despite the fact that the critical strain reduced with increasing moisture 
concentration, it was found that there was a significant scatter of the measured critical strain at 
low moisture contents. This is due to the difficulty of creating a consistent initial debond length 
or notch on the specimen. Nevertheless, an average initial debond length of 1mm was noted. 
The critical strain values obtained were used to calculate the fracture energy as shown in 
Chapter 5. 
Figure 3-49. Images showing the debonding process (0.4209ccx ). The crack propagated initially at both edges 
across the specimens and this caused a curved crack front. 
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Table 3-9. Summary of results of the NCA test configuration 
Interfacial Moisture Concentration, 
c, Jc,, (cam 7.60%mwt) Ageing Environment 
Exposure Time 
(hour) Critical Strain, cc % 
0 - - 4.02 ± 0.69 
0.0355 95.8% RH 2.88 3.16 ± 0.48 
0.0731 95.8% RH 4.32 2.81 ± 0.37 
0.2315 81.2%RH 168 1.88±0.25 
0.3699 81.2% RH 720 1.53 ± 0.45 
0.4209 95.8% RH 240 1.31 ± 0.27 
0.5978 95.8% RH 720 1.12 ± 0.13 
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Figure 3-50. Critical strains as function of interfacial moisture concentration of NCA test configuration. 
3.6.5 Summary 
Both MMF and NCA test configurations were used to measure the interfacial strength parame- 
ter and characterise the interfacial fracture for a range of exposure conditions. These moisture 
dependent interface fracture data will subsequently be utilised to define the fracture parameter 
for the rupture elements in predictive modelling. The open-faced approach of accelerating mois- 
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ture ingress has been successfully incorporated into the MMF test configuration. The effect of 
secondary bonding on the fracture data was negligible. The failure locus of the MMF and NCA 
was found to be at the interface in all cases and these surfaces have been analysed with surface 
analysis techniques as discussed in Chapter 4. The application of primer paint on the bond line 
edges prevented the moisture ingress through the interface and avoided any premature delami- 
nation. Therefore, the fracture data measured was from a uniformly degraded interface. Both 
MMF and NCA tests showed a sharp degradation at low moisture concentration. The degrada- 
tion gradually diminished and a basic threshold strength was achieved. The results showed no 
evidence of a critical water concentration. The results obtained will be used to calculate the frac- 
ture energy using analytical solutions and finite element (FE) analysis. 
3.7 Conclusions 
The artificial ageing environments have been successfully created for all the experimental work. 
The uptake experiment showed that the dual stage Fickian model predicted the experimental 
data well. The saturation level increased with moisture content of the ageing environment. The 
uptake behaviour for both 0.4mm and 0.8mm did not show any significant difference in terms 
of saturation level and diffusion coefficient. 
The moisture dependent mechanical properties of AV 119 adhesive have been obtained. The 
mechanical properties considered, such as elastic modulus, UTS and yield stress, reduce with 
moisture concentration. These properties seem to depend solely on the moisture concentration 
and not the time of exposure. These results enable a moisture dependent description of material 
properties to be used in the FE analysis. The swelling of AV 119 adhesive has been characterised 
as a function of fractional mass uptake. It was shown that the swelling started off slowly and 
then increased, becoming proportional with fractional mass uptake. The thermal response of 
AV 119 was determined using a bi-material curved beam. The CTE result obtained showed good 
agreement with the value quoted by the manufacturer. The combined thermal and swelling 
experiments showed that the swelling of the adhesive was responsible for the reduced curvature 
of the beam. Both the swelling and thermal characteristics of adhesive were included in FE 
modelling of bonded joints. 
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Two moisture dependent interface fracture tests have been discussed, namely MMF and NCA. 
The moisture uptake was successfully accelerated using an open-faced approach on these test 
configurations. Both MMF and NCA showed significant degradation even at low interfacial 
moisture concentrations and the degradation gradually diminished with increasing moisture. In 
all cases, apparent interfacial failure was noted and these surfaces were further examined using 
advanced surface analysis as described in Chapter 4. In Chapter 5, the fracture energies of these 
fracture tests over a range of interfacial moisture concentrations are determined using linear 
elastic fracture mechanics (LEFM). 
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CHAPTER 
4 
SURFACE ANALYSIS 
The use of surface analysis techniques in adhesion studies in characterising the failure locus has 
become more widespread in relating adhesive durability [9,152,153]. Any information regard- 
ing the mechanism of adhesion failure is an added advantage in predicting the endurance of 
joints. Hence, the failure locus of the MMF tests at selected levels of interfacial moisture con- 
centration were established using scanning electron microscopy (SEM) and X-ray photoelec- 
tron spectroscopy (XPS). NCA test specimens were also investigated using SEM. 
Determination of the exact locus of failure enables proper use of mechanical test data on other 
bonded joints that exhibit similar failure characteristics. Visual inspection also forms an impor- 
tant primary perspective in addition to surface analysis. A brief review of the work done on 
establishing the mechanism of failure is presented next. 
4.1 Background 
The advent of surface analysis methods some two decades ago provided the scientist with a 
means of measuring the very thin surface layers which are important in corrosion, catalysis, 
polymer characterisation and so on. There are many methods of surface analysis, for example, 
XPS, Auger electron spectroscopy (AES), Secondary ion mass spectrometry (SIMS), Time of 
flight secondary ion mass spectrometry (ToF-SIMS) Scanning Auger microscopy (SAM), 
SEM, Energy dispersive X-ray (EDX), Transmission electron microscopy (TEM) etc. They 
have been used for a number of years by several authors to study the exact locus of the failure 
of adhesive bonds and organic coatings. 
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Watts [9] reviewed three mechanisms of cathodic disbondment (oxide reduction, polymer 
hydrolysis and interfacial failure), establishing the rate controlling steps in the failure process 
and relating them to the type of coating, condition of the substrate and mode of testing. Davis 
and Watts [24] studied the failure surfaces of lap shear joints exposed to an aggressive environ- 
ment. They found two clearly defined failure regions: a central cohesively and an outer appar- 
ently interfacial failure region. The interfacial region is a result of cathodic delamination. 
Kinloch et al. [153] used SEM, EDX and XPS techniques to characterise the failure locus for 
different types of surface treatment for aluminium such as grit blasting followed by degreasing 
(GBD); chromic-acid etching (CAE); Phosphoric-acid anodising (PAA); and Phosphoric-acid 
anodising followed by application of primer (PAAP). Abel et al. [154,155] studied the interac- 
tion of y-glycidoxypropyltrimethoxysilane (GPS) with an oxidised aluminium substrate at dif- 
ferent drying, curing and temperature conditions using XPS and ToF-SIM. Fitzpatrick et al. 
[ 156] investigated the failure mechanism of an aged, phosphated, hot dipped galvanised steel 
sealant adhesive lap joint system using SEM, XPS and ToF-SIM. They suggested that failure 
was not only a result of cathodic delamination but also the hydrolysis of the adhesive. There is 
a plethora of work on a wide variety of systems and there seems to be little agreement amongst 
the various investigators on the mechanism of degradation. On closer inspection it becomes 
apparent that there are three mechanisms that are being advocated for weakening and failure 
mechanisms. The mechanisms can be summarised as follows: 
1. Oxide reduction - The dissolution of the substrate oxide phase to which the polymer 
adheres, leaving a void at the interface and hence blistering. 
2. Alkaline hydrolysis of the polymer - Attack of the polymer close to but not at the interface 
by underfilm or interfacial hydroxyl ions. This will invariably leave a very thin layer of 
polymer adhering to the substrate, and it is only with the application of XPS to adhesion 
studies that this mechanism has been identified [157,158,159]. A closely associated failure 
mechanism occurs due to the ingress of water molecules to the polymer/metal interface. 
3. Interfacial failure - This is the classical form of alkaline-induced failure where pure sepa- 
ration of the bi-material occurs. It is only with the advent of surface analysis methods such 
as XPS that it has proved possible to identify such a failure mechanism unambiguously. 
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Understanding these mechanisms is vital in establishing the failure locus of a failed joint. Unfor- 
tunately, there is no universally agreed failure mechanism that can be used. Hence, it is a logical 
step to establish the failure locus and to investigate any change of failure locus due to increase 
of moisture concentration at the interface. In the following sections, data are presented for 
various levels of interfacial moisture concentration. The levels have been expressed in 
terms of equilibrium saturation c,,,, =7.60%mwt. 
4.2 Mixed Mode Flexure (MMF) Test Specimens 
The MMF was selected for this work because it was more representative of a real joint than 
NCA. NCA specimens have also been examined but the emphasis was placed on the MMF. 
Typical substrate fracture surfaces of the MMF specimens at different interfacial moisture con- 
centration (dry(0.00c,, ), 0.004cr, 0.325c, ß and 0.659c. 
) are as shown in Figure 4-1. The figures 
show both the complete and close up pictures of the steel side (top) and the adhesive side (bot- 
tom) of the fractured MMF specimens. The metallic textures on the steel side confirmed that the 
failure locus was apparently interfacial. No visual distinguishable features can be observed 
between the specimens with different levels of interfacial moisture concentration. Visual 
inspection indicated that no formation of rust occurred. This indicates that the mechanism of 
degradation is not the oxide reduction mentioned previously. Hence, it was believed that there 
was a thin overlayer of adhesive covering the steel surface. 
On the adhesive side, the colour appeared darker for the degraded specimen than the dry spec- 
imen because of the secondary adhesive (green colour) that was used for specimens exposed to 
moisture. The crack front can be roughly estimated from the light striations on the polymer side. 
Higher density of these striations for dry specimen were noted because of greater deformation 
needed to extend the crack as a strong bond strength exists. The figure showed only a visual 
inspection of the fractured surfaces of MMF. SEM and XPS were used to establish further the 
fracture surface. 
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Figure 4-1. Interfacial fracture surfaces of MMF at (a) 0.00cß (dry); (b) 0.004c,,; (c) 0.325c, ß; (d) 0.659c,, interfacial moisture concentration. 
4.3 Scanning Electron Microscopy (SEM) 
The locus of failure of the adhesively bonded joint is much influenced by the failure and degra- 
dation mechanism. The MMF specimens shown in Figure 4-1 were examined using a Hitachi 
S320ON electron microscope. A 5kV electron beam was used for the scanning to minimise the 
charging effect in the adhesive residue observed in earlier, preliminary scans. The surface was 
not coated with gold so that the thick regions of adhesive on the steel surface would "flare" and 
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hence be more easily observable. XPS analyses were carried out on the same sample to identify 
regions of thin adhesive which could not be detected by SEM. 
Typical SEM images (x500) taken from the dry(0.00c,, j and 0.659cß interfacial moisture con- 
centration are shown in Figure 4-2. Although higher magnification images (x1000) were also 
taken, it was found that (x500) provided the most representative image of the failure locus. It 
was established by using X-ray (EDX) analysis in the SEM that the grayish and dark areas show 
mainly the metal/metal oxide whereas the bright and shining features show that adhesive (car- 
bon and oxygen) remained on the fracture surface. The micrographs also indicate that the 
amount of the adhesive facets remaining on the fracture surface decreases as the moisture 
increases. The percentage by area of the remaining adhesive facets at dry and 0.659c" moisture 
concentration were estimated about 6.4% and 2.0% respectively. This is about a 69% reduction 
in adhesive facets on the substrate surface. At 0.004c and 0.325c. moisture concentration, the 
average adhesive remaining were 4.82% and 2.25% respectively. The residue adhesive on the 
fracture surface was strongly bonded to the steel at the deep cavities created by grit blast surface 
treatment and this residue reduced under moisture attack. This reduction of adhesive on the frac- 
ture surface is indicative of the weakening of the adhesive near to the interface. Stereo micro- 
graphs (3D) at higher magnification were also obtained to observe the fracture surface 
topographies of these levels of interfacial moisture concentration as shown in Appendix A. 
The NCA fracture surfaces have also been examined. Figure 4-3 shows typical SEM images of 
dry and 0.659c, fracture surface of NCA with residue adhesive remaining on the steel substrate. 
Comparing Figure 4-2(a) and Figure 4-3(a), it is possible to note the differences where the sig- 
nificant level of yielding of the dry NCA specimen causes the formation of cracks propagating 
across the substrate. The substrate yielding damaged the mechanical interlocking of the adhe- 
sion. This subsequently resulted in less adhesive facets remaining on the NCA steel fracture sur- 
face for the same field of view. This shows that not only the adhesive but also the substrate is 
responsible for failure. Turning to Figure 4-2(b) and Figure 4-3(b), the failure surface looks 
nearly similar with less adhesive facets retained on both substrates. Unlike the dry NCA sub- 
strate, the degraded NCA substrate in Figure 4-3(b) did not show any sign of crack formation. 
This is because the level of straining required to cause crack growth is much lower as noted in 
Figure 3-50 on page 108. The differences of fracture surface between NCA and MMF were 
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mainly attributed to the substrate yielding and less thick adhesive residue. Hence, any informa- 
tion obtained from XPS examination of MMF fracture surface could also be relevant to the 
NCA. 
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Figure 4-2. SEM micrograph of MMF at (a) 0.00c. (dry); (b) 0.659cß interfacial moisture concentration. 
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(a) 
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Figure 4-3. SEM micrograph of NCA at (a) 0.00c,, o (dry); 
(b) 0.659cß interfacial moisture concentration. 
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4.4 X-ray Photoelectron Spectroscopy (XPS) 
X-ray Photoelectron spectroscopy (XPS) is the most widely used surface analysis technique for 
thin overlayer analysis. The thin overlayer of unknown substances, that cannot be detected 
using SEM, were analysed using XPS. The XPS with a 400µm diameter spot size was carried 
out using a Thermo VG Scientific Sigma Probe on the MMF specimens. The benefit of this XPS 
unit is that the large acceptance angles (30°) of the radian lens collects a large cone of electrons 
from the specimen, providing optimum performance when used on irregular topography such 
as fracture surfaces. A monochromated AlKoc source with an energy of 1486.6eV was used. The 
survey spectra was recorded together with the core levels of interest: Fe2p3, Nal s, A12p, 01 s, 
N1s and C1s. Quantification was carried out using the spectrometer's computer running the 
Eclipse software package. The analyser was operated in the constant analyser energy mode at a 
pass energy of 100eV for the survey spectra and a pass energy of 50eV for high resolution spec- 
tra. At least seven scans were carried out for the high resolution spectra at each analysis spot. 
An electron flood of 1.5eV was used to compensate for any positive charging of the adhesive 
polymer on the fracture surface. A quantitative surface analysis was obtained using the peak 
areas of the high resolution spectra for each core level, following background removal and using 
the appropriate atomic sensitivity factors. 
The quantitative XPS line scan analyses have been taken at the numbered position along 
(25mm) and perpendicular to the crack direction (12.7mm) as depicted in Figure 4-1. Typical 
steel side and epoxy side survey spectrum are shown in Figure 4-4 and Figure 4-5 for a dry spec- 
imen. Typical steel side survey scans show the main peak as Fe2p3, Na t s, Al2p, Ols, Nis and 
Cls. A similar distribution appears on the epoxy side but with negligible metal groups. This 
indicates that the failure locus is not on the steel side, which also indicates that the failure mech- 
anism is not from dissolution of the substrate oxide. The quantified results are plotted against 
their location in Figure 4-6 to Figure 4-9 for four levels of interfacial moisture concentration. 
From the figures, the carbon and oxygen signals indicate that the adhesive fracture surface is 
relatively high in carbon and low oxygen for all cases compared to the steel surface. This is due 
to the reduced intensity as a result of underlying substrate on the steel fracture surface. On the 
steel side, the trend of the carbon signal (decreasing with moisture) is always opposite to the 
iron signal. This could be attributed to the change in thickness of the thin adhesive layer cover- 
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ing the steel surface. Oxygen signals can be found in the epoxy ring or the metal oxide. The 
common source of metal oxide is from grit blast material (A12O3, Na20, Ti02, K20, Cr203, 
Fe203 and others) [12]. On the epoxy side, the carbon, nitrogen and oxygen were originated 
from the adhesive. 
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Figure 4-5. Survey spectrum of a adhesive side fracture surface. 
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Figure 4-4. Survey spectrum of a steel side fracture surface. 
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Figure 4-6. Variation of substances composition along and perpendicular to the crack path of dry specimen. 
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Figure 4-7. Variation of substances composition along and perpendicular to the crack path for 0.004c,, interfacial 
moisture concentration. 
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Figure 4-8. Variation of substances composition along and perpendicular to the crack path for 0.325co, interfacial 
moisture concentration. 
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Figure 4-9. Variation of substances composition along and perpendicular to the crack path for 0.659c., interfacial 
moisture concentration. 
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In all cases, the iron signal is higher on the steel side but negligibly small on the epoxy side. 
This again suggested that it was unlikely that the failure occurred in the steel substrate. A small 
random variation of iron signals was observed perpendicular to the crack path on the steel side. 
Although there is not enough evidence regarding this random variation, it was observed that the 
crack fronts were generally uneven as shown in Figure 4-1. There is a weak increase in iron sig- 
nals along the crack propagation direction. This trend is possibly attributed to the change of 
mode mixity as noted in [ 160] or perhaps change in crack velocity. 
On the steel surface, the high atomic percentage of carbon (about 50%) cannot be solely attrib- 
uted to the small amount of remaining adhesive residue as observed in Figure 4-2. This suggests 
that there was more carbon molecules remaining on the rest of the surface which cannot be 
detected using SEM. The source of carbon can either originate from the adhesive or atmospheric 
contamination. Turning to the nitrogen, it was observed that the signal on the steel surface was 
relatively less than on the adhesive surface. This is due to the reduced intensity caused by the 
underlying material (steel). The two dominant sources of nitrogen signals can be attributed to 
the amine-curing agent found in the epoxy adhesive and, perhaps, contamination from the sur- 
rounding air. 
Other elements examined were the aluminium and sodium signals. XPS analyses were also car- 
ried on a ground finish and white alumina grit blasted steel surface. It was found that the ground 
finish shows no aluminium and relatively less sodium signals whereas there is about 2.5% 
atomic of both elements found on grid blasted surface. It is well accepted that the aluminium 
and sodium signal were originated from the white alumina grit blast. Looking at the steel frac- 
ture surface, marginal random variations of these materials were observed for all cases. This is 
due to the random distribution across the fracture surface. On the epoxy side, these materials 
were negligible. Again, this supports the fracture locus being very close to the steel surface. 
The average atomic percentage of all the individual element compositions along the two differ- 
ent scan lines were plotted against the moisture concentration, as shown in Figure 4-10, to give 
an estimation of the degradation effect. On the steel side, the carbon signal shows a sharper 
reduction initially and then more gradual as interfacial moisture concentration increases as 
shown in Figure 4-10(a). This might indicate a change of the failure locus. The weak variation 
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of Fe2p3, A12p and Na Is signals were essentially negligible and showed no significant trend 
with the interfacial moisture concentration. From Figure 4-10(b), the variation of C1s, 01s and 
NIs are marginal on the adhesive side. 
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Figure 4-10. Variation of elements composition as a function of interfacial moisture concentration (a) steel; (b) 
adhesive fracture surface. 
In order to account for the source of carbon and nitrogen, the intensity ratio of carbon to nitrogen 
from the steel and adhesive side were examined and are shown in Figure 4-11(a). It can be seen 
that the ratios lie within the same range for both the steel and epoxy surfaces (shaded area). This 
confirms that most of the carbon and nitrogen originated from the adhesive. It is possible to 
quantify the thickness of the adhesive overlayer on steel side using the carbon intensity in Beer 
Lambert equation as shown in Equation (4-1). The carbon intensity, I, was used because 
carbon is the main building block of the epoxy adhesive. The adhesive overlayer thickness (d) 
is estimated using the carbon intensity (IýýS) from the failure surface compared with that from 
a thick bulk adhesive (ICES ). Xf is the inelastic mean free path of the Cls electrons and 0 is the 
electron take-off angle. The estimation of the adhesive overlayer thickness was carried out for 
the range of interfacial moisture concentrations considered. This is to characterise the change 
of failure locus following environmental degradation. 
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(4-1) 
The overlayer thickness was first calculated using Equation (4-1). This includes the contribu- 
tion of small areas of thick adhesive residue remaining on the steel surface. This small area of 
residue adhesive also contributes to the Icls . In order to remove this contribution, the carbon 
intensity was corrected using the Equation (4-2) with the rule of mixture as shown in 
Equation (4-3) and Equation (4-4) where (Ics )corrected is the intensity contribution purely from 
the thin adhesive covering the rest of the surface area, Al, A, and AO are the total analysis spot 
area, thick adhesive residue area and the rest of the surface area respectively. A, JA1 is the area 
ratio of the thick adhesive residue to the total spot area which was obtained from Section 4.3 for 
the moisture concentration considered. 
AAt d ICI 
s)corrected = 
[(1c"Is) 
- At 
rýICtsý][1 
Ar] (4-2 ) 
t 
Arlc, 
s= 
Ao(ICI 
s)corrected + 
ArJCI 
s 
(4-3) 
At = Ao+Ar (4-4) 
The equivalent thickness of carbon overlayer on the steel surface (both corrected and non-cor- 
rected) are plotted against interfacial moisture concentration as shown in Figure 4-11(b). The 
corrected overlayer thickness is about 5% less compared to the non-corrected calculation. This 
percentage is small because the thick residue adhesive only covers a small fraction of area and 
the rest of the area is covered by the thin adhesive overlayer. The overlayer thickness reduced 
sharply at modest level of interfacial moisture concentration from about 2.5nm. As the moisture 
concentration increases, the rate of reduction of carbon overlayer gradually diminished and 
reached an asymptotic value of about 1 nm. The trend of this reduction is consistent with the 
reduction of failure load and the fracture energy as shown in Figure 3-46 on page 105 and 
Figure 5-22 on page 145 respectively. Based on the reduction of the overlayer thickness, the 
failure locus seems to progress towards the steel side when moisture concentration and degra- 
dation increase. 
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Figure 4-11. (a) Carbon-Nitrogen ratio at steel and adhesive side (b) reduction of carbon overlayer thickness on 
the steel side as a function of interfacial moisture concentration. 
Plotting the interfacial fracture energy obtained in Chapter 5 against the carbon overlayer thick- 
ness shows a better perspective of characterising the failure locus as shown in Figure 4-12. 
When the o verlayer thickness is greater than 2.5nm (dry), there will no change in fracture 
energy. However, when the carbon overlayer thickness is less than 2.5nm (where the interface 
is under moisture attack), the fracture energy shows a linear reduction with overlayer thickness. 
This linear part of the curve is not unique as it depends on the mode of moisture transport and 
degradation. The data provided by Figure 4-12 is useful for examination and prediction of adhe- 
sively bonded joint response. For example, if an adhesively bonded structural joint fails near to 
the interface, the steel fracture surface can be examined using XPS to determining the carbon 
overlayer thickness. Thus, with this carbon overlayer thickness, the moisture concentration, 
moisture dependent mechanical properties and fracture energy can be estimated using Figure 4- 
11(b), Figure 3-19 to Figure 3-21 and Figure 4-12 respectively. Then, a FE analysis can utilise 
these data to model the durability. This is possible provided that the fracture energy is an intrin- 
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sic material property and the mode of loading and failure is similar, or any effect of mode mixity 
is negligible. 
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Figure 4-12. Interfacial fracture energy as a function of overlayer thickness of adhesive on the steel fracture 
surface. 
From the above observation and discussion, a schematic illustration of the change of failure 
locus for a dry and wet interface is shown in Figure 4-13. Two types of adhesive residue were 
detected; one is the adhesive facet (thick region) detected by SEM and the second is the ultra 
thin overlayer covering the steel surface detected by XPS. The figure indicates that the failure 
locus of dry and wet configurations do not enter the steel surface. The absence of rust on the 
failure surface was because the lack of oxygen transported to the interface prevented the forma- 
tion of a weak oxide layer. As a result, there is negligible iron signal detected on the adhesive 
side. This indicates that the interface weakening is solely due to hydrolysis of the adhesive near 
to the interface [9]. The method of exposing the joint to moisture using the open-faced approach 
and primer paint has eliminated interfacial diffusion and, hence, the degradation is strongly gov- 
erned by the bulk diffusion. Although there is not yet universal agreement that bulk diffusion is 
the controlling parameter in the failure of real joints, the results show that as moisture penetrate 
nearer to the steel surface, the strength at the interface decreases. 
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Figure 4-13. Schematic illustration of the change of failure locus as interfacial moisture concentration increase 
(not to scale). 
4.5 Conclusions 
The locus of failure of the test specimen was established using surface analysis techniques. The 
SEM examination of steel side gives very clear information that the locus of failure has occurred 
very close to the fractured steel surface and that there was a reduction of percentage area of the 
small thick adhesive residues on the steel fracture surface with increasing interfacial moisture 
concentration. It was established using the XPS technique that the carbon on the steel fracture 
surface originated from the adhesive and not from atmospheric contamination. The variation of 
composition with interfacial moisture concentration, especially the carbon, was strongly related 
to the reduction of strength. The lack of iron signals on the adhesive surface together with the 
existence of adhesive residues leads to the conclusion that the failure locus is unlikely to arise 
from the weakening of iron through hydrolysis but through hydrolysis of the adhesive. The 
determination of the thin adhesive residue that cannot be detected using SEM was established 
using XPS. The calculated carbon overlayer thickness indicated that the failure locus shifts 
towards the steel surface as moisture concentration at the interface increases. An overlayer 
thickness of 2 to 5nm has been reported elsewhere [157,159,161] for different systems after 
mechanical failure and moisture exposure. This indicates that different systems fail differently. 
The plot of carbon overlayer thickness with fracture energy shows that the two appear to be pro- 
portional. From the overall view of the results, it is shown here that the interface or interphases 
of the two mismatched materials can be the weakest link in adhesively bonded joints even when 
interfacial diffusion is eliminated. 
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CHAPTER 
5 
INTERFACIAL FRACTURE ENERGY 
CHARACTERISATION 
Finite element (FE) modelling provides excellent tools to solve problems that cannot be easily 
solved analytically. Presented in this chapter is the finite element modelling of the experimental 
work described in Chapter 3. This includes the moisture diffusion in Section 3.3, swelling char- 
acterisation, thermal e xpansion, combine s welling and thermal response oft he adhesive in 
Section 3.5 and, lastly, the fracture tests implemented in Section 3.6. An overview of the FE 
procedure is presented that outlines the complex procedure adopted in modelling the experi- 
mental work. 
5.1 Overview of the Finite Element (FE) Procedure 
ABAQUS and ANSYS are the commercial finite element packages used in this research. Here, 
ANSYS was used in a preliminary parametric study whereas ABAQUS was used in the more 
complicated FE simulation because of its versatility and flexibility. All the FE work mentioned 
here uses ABAQUS unless stated otherwise. ABAQUS user manuals [162-165] are a helpful 
reference source in most modelling work. 
ABAQUS provides features that are useful in the following modelling work. The input file con- 
tains model data and history data. Model data defines a finite element model: the elements, 
nodes, element properties, material definitions and so on. History data defines what happens to 
the model such as the sequence of events or loadings for which the response is sought. The user 
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is required to divide this history into a sequence of steps and each of the steps is a period of 
response of a particular type such as mass diffusion, heat transfer, static loading and dynamic 
response. The analysis procedure can be changed from step to step in any meaningful way (see 
"Procedures: Overview" Section 6.1.1 in [162]). Since the state of the model (stresses, strains, 
temperatures, etc. ) is updated throughout all general analysis steps, the effects of previous his- 
tory are always included in the response in each new analysis step. ABAQUS also allows trans- 
fer of results, such as nodal values, from previous analysis into a current analysis as a predefined 
field variable, loading or initial conditions (see "Prescribed Conditions" Section 19.1.1 in 
[163]). These capabilities are useful for modelling the sequence of events in the experimental 
procedure described in Chapter 3. 
Experimental Procedures 
Manufacturing Process 
Finite Element Procedures 
Curing Process 
Moisture Dependent 
Mechanical Properties 
Environmental Degradation Moisture Diffusion Process 
Swelling Process 
Mechanical Testing Mechanical Loading 
Figure 5-1. The sequence of procedure and relationship for both the experiment and finite element analysis. 
The sequence of procedures and the relationship for both experiment and finite element analysis 
is shown in Figure 5-1. In the experimental procedure, the manufacturing process involved 
mainly bonding the substrates together with the adhesive. In this process, the thermal loading 
exists due to the two different thermal expansion coefficients of the materials. This type of prob- 
lem can be solved using a stress analysis procedure with thermal expansion defined (see "Ther- 
mal expansion" Section 12.1.2 in [ 163]). Following this manufacturing process, the specimen 
is exposed to a moist environment for degradation. The moisture from the surroundings diffuses 
into the adhesive via the exposed edges and forms a moisture profile across the adhesive layer. 
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This moisture profile results in a variation of the mechanical properties and volumetric swelling 
of the adhesive as discussed in Section 3.4 and Section 3.5 respectively. The transient moisture 
diffusion of the adhesive is modelled separately using the heat transfer analysis (see "Heat 
Transfer Analysis Procedure" Section 6.4.1 in [ 162]). Each of the nodal moisture concentrations 
(nodal temperature) from the diffusion analysis can be externally processed to form a pre- 
defined field variable or temperature field input file to determine the moisture dependent 
mechanical properties and the swelling respectively. The varying material properties through- 
out the adhesive layer can be achieved by setting the dependency of the material properties to 
the predefined field variable in the model data (see "Material Data Definition" Section 9.1.2 in 
[ 162]). The swelling of the adhesive (analogue to the thermal expansion) is achieved by reading 
the moisture concentration profiles as a temperature field with known swelling coefficient. In 
the material definition, two thermal expansions (thermal expansion coefficient and swelling 
coefficient) are specified and they were distinguished by a second predefined field variable to 
switch between the curing process and the swelling process. After the environmental degrada- 
tion, mechanical loading analyses were carried out according to the constraint imposed by the 
experimental work. This formed a coupled diffusion-mechanical analysis that included thermal, 
swelling and moisture dependent properties. In the following sections, data are presented for 
various levels of interfacial moisture concentration. The levels have been expressed in 
terms of equilibrium saturation c. =7.60%mwt. 
5.2 Moisture Diffusion Analysis 
The rate of degradation of adhesive structures is governed by the moisture diffusion perfor- 
mance. It is important that the moisture diffusion is modelled correctly in order to predict the 
residual strength of an adhesively bonded structure. The finite element method has the capabil- 
ity of analysing the transient moisture diffusion analysis using either the mass diffusion or heat 
transfer analysis. According to the review in Chapter 2, anomalous moisture uptake behaviour 
is commonly seen. Based on the results obtained from gravimetric experiment in Section 3.3.4 
on page 70, the moisture uptake data were fitted using dual stage Fickian diffusion model. These 
can be implemented by combining two moisture concentrations from separate FE diffusion 
analyses with a custom made ABAQUS postprocessing program (Appendix B). The develop- 
ment of this program is straight forward and more detail can be found elsewhere [162,165]. 
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A general FE model was generated to check the dual stage diffusion analyses. This model is 
shown in Figure 5-2 designed using the 4 noded heat transfer element (DC2D4). The diffusion 
coefficient, D, and D2 listed in Table 3-4 on page 72 were used to describe the material proper- 
ties for the respective stages and input files. The boundary condition applied for each stage was 
cl' and c2,, respectively. These boundaries were assumed instantaneously saturated at the 
exposed edges. Then, each of the solutions were solved incrementally for the specified period 
of time. Each of the input files solved the individual Fickian diffusion analysis and then com- 
bined to give the dual stage diffusion. The FE solution obtained was validated using the analyt- 
ical solution shown in Equation (3-9) to Equation (3-11) on page 70. It was found that the both 
solutions showed good agreement in single Fickian diffusion as well as dual stage Fickian dif- 
fusion as shown in Figure 5-3. The corresponding contour plot of the moisture concentration 
profiles for each Fickian and the dual stage solution are shown respectively in Figure 5-4. From 
this figure, it was clearly seen that the combination of these two Fickian contour plots (Figure 5- 
4(a) and (b)) gave the dual stage Fickian diffusion profile Figure 5-4(c). 
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Figure 5-3. Moisture concentration profiles obtained from both analytical and finite element are identical. 
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Figure 5-4. Contour plot of moisture distribution for (a) first stage; (b) second stage and (c) dual Fickian which is 
combination of (a) and (b). 
5.3 Swelling Analysis 
Swelling of the adhesive has been identified in Section 3.5.1 on page 83. From the experimental 
results, the swelling characteristic of the AV 119 can be predicted if both the moisture diffusion 
and the swelling coefficient are known. Following the moisture diffusion work in Section 5.2, 
the swelling analysis was implemented using the same FE model mentioned above with some 
modification to the model files. The type of element has been change from heat transfer element 
(DC2D4) to plane stress element (CPS4). The FE model was a partial model of the dogbone 
specimen shown in Figure 3-25 on page 84 where the thickness of the specimen modelled is 
0.4mm. Appropriate boundary conditions were applied as shown in Figure 5-5. Moisture depen- 
dent property was taken into account together with an estimated swelling coefficient This 
a. ", is analogous to the thermal expansion coefficient. 
The temporal and spatial distribution of 
the moisture concentration profile obtained from the earlier dual stage diffusion analysis were 
extracted from the results file. The moisture concentration profile was read into the swelling 
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analysis initially as a predefined field variable that determined the varying mechanical property 
across the adhesive layer and secondly as a change in temperature (for swelling). 
Figure 5-5. Finite element model for swelling analysis (identical to moisture analysis model). 
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Figure 5-6. Moisture dependent swelling coefficient. 
A constant value of swelling coefficient was used initially and swelling for different exposure 
times were predicted. It was found that the FE model did not predict the swelling characteristic 
obtained from experiment well, specifically at low fractional mass uptake as shown in Figure 5- 
7. This shows that the swelling of the adhesive is also dependent on the moisture concentration. 
After a few trials, the moisture dependent swelling coefficient in Figure 5-6 gave a satisfactory 
prediction to the swelling for all levels of ageing environment as shown in Figure 5-7. The low 
swelling coefficient used at lower moisture concentrations is due to fact that the moisture 
ingresses into the existing voids in the adhesive without causing much swelling. As moisture 
uptake increases, the degradation rate increases and weakens the molecular bond of the adhesive 
and subsequently enlarges the voids and more swelling occurs. The contour plot of swelling 
strain shown in Figure 5-8(a) indicates that the edges exposed to moisture have greater swelling 
strain than the central region and this strain varies with the moisture concentration profile. As 
the results of the varying swelling, a compressive stress developed at the edges and tensile stress 
developed at the center region as shown in Figure 5-8(b). Figure 5-8(c) shows the total strain 
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developed in the adhesive which was the result collected for different exposure time to get the 
results in Figure 5-7. 
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Figure 5-7. Predicted swelling response using finite element method. 
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5.4 Thermal Loading Analysis 
The curing of the adhesive causes contraction. This effect can be easily illustrated using the bi- 
material curved beam as discussed in Section 3.5.2. A FE model of the curved beam has been 
developed to study its thermal effect. As the size of the model is such that it does not allow a 
clear view of the full mesh, just a repeating unit of the mesh is shown in Figure 5-9(a). Four 
noded quadrilateral plane stress elements were used to generate the two dimensional mesh. The 
steel substrate thickness is 0.2mm and the adhesive thickness is lmm with total length of 
100mm. The elastic modulus used for the steel is 207GPa whereas the adhesive is 2774MPa for 
the dry condition. The CTE of steel and adhesive are 11.1x10"6 °C-1 and 6.12 x 10"5 °C'1 respec- 
tively. The initial condition of the model was set at 90°C where the curved beam was laying flat 
and a constant temperature drop of 10°C for each increment was applied until the temperature 
reached 20°C. The deformation plot of selected increments and the maximum deflection of the 
curved beam were recorded as shown in Figure 5-10 and Figure 5-11 respectively. As expected 
the deflection increased as the drop of temperature increased. The analysis results show good 
agreement with the experimental results using the thermal expansion calculated using the ana- 
lytical solution in Section 3.5.2 on page 87. The contour plot of the thermal strain and stress dis- 
tribution developed in both materials for a temperature drop of 70°C is depicted in Figure 5-9(b) 
and (c) respectively. 
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Figure 5-9. (a) Partial view of the mesh for the curved beam FE model; (b) thermal strain distribution; (c) stress 
distribution. 
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Figure 5-10. Deformation plot of curved beam for a range of temperature change. 
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Figure 5-11. The curved beam deflection predicted using finite element for different temperature changes. 
5.5 Combined Thermal and Swelling Analysis 
Following the thermal analysis in the previous section, a swelling analysis was implemented 
using the s ame FE model. T his isto predict the results obtained in the e xperimental work 
(Section 3.5.3 on page 92). The curved beam has undergone the curing process and experiences 
a -70°C change in temperature giving the maximum 
deflection of about 4.8mm. The moisture 
diffuses into the adhesive layer when exposed to a moist environment (95.8%RH at 50°C). As 
a result, the curvature of beam reduces (due to the swelling). The diffusion analysis was carried 
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out based on the procedure described in Section 5.2 using the dual stage Fickian diffusion with 
diffusion parameters listed in Table 3-4 on page 72 for a 2.0mm thick adhesive film exposed to 
95.8%RH at 50°C. 
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Figure 5-12. (a) Moisture concentration profiles for 8 hour of exposure; (b) swelling strains generated in adhesive 
laver; (c) redistribution of stresses as the result of swelling. 
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Figure 5-13. Predicted cured beam after exposed to moisture- The effect of swelling reduces the deflection of 
the curved beam. The curved beam warped and led to deviation from predicted results. 
After the diffusion analysis has been performed fora range of exposure times, the moisture con- 
centration profiles obtained were read in as a predefined field variable. This changes the 
mechanical property of the adhesive. Then, the moisture concentration profiles were read in as 
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a temperature field as shown Figure 5-12(a) that causes swelling strain as depicted in Figure 5- 
12(b). This high swelling strain at the exposed edge changes the stress distribution and lead to 
reduction of the curvature. Comparison can be made between Figure 5-12(c) and Figure 5-9(c) 
where the higher compressive stress in the steel sheet has been reduced by the swelling effect. 
The analysis has been carried out for different exposure times and the change in the curved 
beam deflection is plotted in Figure 5-13. The analysis results show that the reductions of the 
curvature agree excellently at the beginning but then the prediction deviates from experimental 
data after 25 hours of exposure. The reason for this deviation was discussed in page 94, where 
the curved beam warped due to uneven swelling or degradation. Hence, the swelling coefficient 
and thermal expansion coefficient used gave excellent prediction even thought both were 
obtained separately. 
5.6 Fracture Test Analysis 
The main objective of the two fracture tests (MMF and NCA) carried out in Section 3.6.1 on 
page 95 was to characterise the fracture energy of the interface as a function of the interfacial 
moisture concentration. The fracture energy can be calculated using the virtual crack closure 
and J-integral techniques [87,111 ]. The validity of analytical solutions in determining the frac- 
ture energy are limited, specifically in bi-material systems (see Section 2.5.2 on page 43). The 
FE method can take into account the varying material properties, thermal and swelling effects, 
has an advantage over analytical solution. However, both analytical and FE solutions are pre- 
sented in the following discussion. 
5.6.1 Mixed Mode Flexure (MMF) 
The analytical solution for determining the strain energy release rate (SERR or G) of MMF is 
stated in Equation (5-1) which was derived using the beam theory with shear correction factor 
been taken into account [166]. The compliance (C) of the MMF as a function of crack length, 
a, is given in Equation (5-2) from [167]. These equations are compared with LEFM finite ele- 
ment solutions to determine the validity of the analytical solution. 
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Figure 5-15. Singular elements generated around the crack tip. 
The two dimensional finite element model of the MMF was generated using ANSYS code as 
shown in Figure 5-14. The parametric programming code in ANSYS provides an excellent tool 
to study the response of the compliance and strain energy release rates for a range of crack 
lengths. The crack length was set to vary from 15 to 45mm with an increment of 5mm. The 
model was automatically meshed using 8 noded quadrilateral elements and singular elements 
were generated around the crack tip with the mid nodes shifted to quarter distance toward the 
crack tip as shown in Figure 5-15. This allowed the stress singularity of order of r05 to be mod- 
elled accurately in the linear elastic problem. The size of elements around the crack tip was 
about one eighth of the adhesive thickness. A unit load was applied at the mid span of the upper 
substrate. The elastic modulus for the steel substrate and the adhesive were 207GPa and 3GPa 
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and Poisson's ratio of 0.3 and 0.4 were used respectively. The SERR were calculated using 
Equation (5-3) to Equation (5-5) based on virtual crack closure techniques described by 
[105,168]. 
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Figure 5-16. Comparison of the MMF compliance determined using both FE and analytical solution. 
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Figure 5-17. Strain energy release rate per unit load obtained from FE and analytical solution of MMF. 
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Considering first the compliance of the MMF, Figure 5-16 shows the compliance of the beam 
calculated at different crack lengths using both analytical and FE methods. The compliance 
from the analytical solution is observed to be lower than the FE compliance. This is because the 
effect of the adhesive layer was neglected in the beam theory. Due to the low modulus of the 
adhesive layer, greater compliance is expected and this is what has been predicted from FE anal- 
ysis. The values of G1, G11 and GT were calculated between crack lengths of 15 to 45mm for a 
unit load applied at the mid span and the results are compared with analytical solution as shown 
in Figure 5-17. From the figure, both analytical and FE calculations show that fracture energy 
G's increase monotonically as crack length increases. It is noted that the analytical solution gave 
a lower value compared to the FE results except at 45mm crack length. This is directly related 
to the gradient of the compliance against crack length for both analytical and FE solutions. It is 
believed that, at crack length 45mm, the reduction of SERR in the FE result is due to the change 
of stress state around the crack tip as the crack length approaches the mid span of the specimen. 
However, the change of stress state is not accounted for in the analytical solution as the solution 
is not valid when a is approaching L. Again, the difference in G's is due to the assumption of 
beam theory where the effect of adhesive is neglected and prevents the rotation of the specimen 
arms at the crack tip. It has been emphasised [64] that this rotation cannot be ignored. Hence, 
this showed that the analytical solution is inadequate in determining the SERR for MMF. In the 
following work, the FE method has been employed throughout in calculating the fracture 
energy. 
The fracture energy calculation must correctly account for the moisture distribution when 
exposed to a moist environment; this includes the varying mechanical properties and the ther- 
mal and swelling effects. These can be easily implemented in a numbers of steps in ABAQUS 
discussed inS ection 5.1. The analyses have b een d ivided i nto two groups. The first group 
neglected the residual strains caused by thermal contraction and swelling. The second set of 
analyses included these effects. This will be referred to as "neglecting residual strains" and 
"including residual strains" respectively. 
5.6.1.1 MMF - Neglecting Residual Strains 
Moisture uptake based on the dual stage Fickian diffusion of the 0.8mm bulk adhesive, which 
is twice the thickness of the open-faced adhesive layer on MMF, as listed in Table 3-4 on 
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page 72, were carried out for the adhesive layer to obtain the moisture concentration profiles at 
the corresponding exposure times listed in Table 3-8 on page 105. This technique has been men- 
tioned in Section 5.2. This moisture profile determined the varying mechanical properties 
across the adhesive thickness. This step was then followed by applying the appropriate bound- 
ary condition and concentrated failure load listed in Table 3-8 to the FE model. The elements 
generated around the crack tip were nearly similar to those mentioned above in Figure 5-15. The 
deformed model is shown in Figure 5-18 where the applied load causes the crack tip to open and 
a singular stress field is generated behind the crack tip. A compressive stress developed at the 
upper edge while tensile stress developed at the bottom edge near to the applied concentrated 
load. This bending stress also developed on the upper substrate near to the crack tips. The neu- 
tral axis runs gradually from the upper right substrate to the adhesive layer after passing the 
crack tip. The fracture energy was calculated using aJ-integral at specified number of paths and 
the converged fracture energies were taken as the final results. The fracture energies also have 
been verified with virtual crack closure technique using Equation (5-3) to Equation (5-5) and 
showed good agreement. This analysis has been carried out at different levels of exposure and 
the results showed the exponential reduction of the interfacial fracture energy with increasing 
interfacial moisture concentration as plotted in Figure 5-22. 
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Figure 5-18. The stress distribution (a, t) of a deformed MMF. 
Figure 5-19. FE model of open-faced specimen. 
5.6.1.2 MMF - Including Residual Strains 
Following the work above, the residual strains were included in the model. The analysis was 
different from the one mentioned in previous paragraphs as this analysis step had to follow the 
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manufacturing procedure as described in Section 3.6.2 on page 96. The thermal loading due to 
the curing process was similar to Section 5.4 where the effective change in temperature was - 
70°C. This thermal loading was applied to the open-faced specimen only as shown in Figure 3- 
39 on page 99 and the corresponding 2D FE model is shown in Figure 5-19 where the lower 
substrate's elements were temporary removed (see "Element and Contact Pairs Removal and 
Reactivation" Section 7.4.2 in [162]). The exposed surface was constrained in the y-direction in 
order to keep the surface flat so that when the lower substrate elements were reactivated, there 
were no distortions or ill shaped elements. This constraint was also consistent to the experimen- 
tal procedure, where the lower substrate was clamped against the open-faced specimen when 
bonded with secondary adhesive. After the thermal loading, the moisture concentration profiles 
obtained from earlier sets of analyses were read in to allow the variation of the elastic modulus 
in the adhesive. Following this, the moisture concentration profiles were read in as a change in 
temperature and resulted in swelling of the adhesive, similar to the procedure mentioned in 
Section 5.5. Then the strain free lower substrates elements were reactivated to form the com- 
plete MMF model. The secondary bond was not modelled as it has negligible thickness and 
effect on the structural response as discussed on page 100. Finally, the concentrated failure 
loads were applied corresponding to the exposure time. The modelling of the MMF in the dry 
condition was undertaken as a complete model with thermal effect only. The fracture energies 
were calculated and plotted against the interfacial moisture concentration as shown in Figure 5- 
22. The fracture energies obtained from these two approaches seem consistent, with a reducing 
trend with increasing interfacial moisture concentration. In the dry condition, the MMF was 
analysed as a complete model (without secondary bonding) and the fracture energy was the 
same as neglecting residual strains because much of shear stress has been constrained by the 
lower substrate. The effect of thermal straining was apparent at low moisture where the shrink- 
age of the adhesive developed additional tensile stresses around the crack tip. The increase of 
fracture energy at the highest levels of interfacial moisture concentration was attributed to the 
greater shear stress developed as a result of swelling around the crack tip, as shown in Figure 5- 
20(b) compared with the shear stress developed in Figure 5-20(a) when the residual strains were 
neglected. 
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Figure 5-21. a11, undeformed stress distribution surrounding the crack tip. 
The fracture energies calculated including residual strains were only valid in the localised tran- 
sition region as shown in Figure 5-21. The crack lip region is the region of adhesive which lies 
ahead of the crack tip. This is a stress free region. The region behind the crack tip is the bonded 
region where the adhesive was bonded to the upper substrate. The swelling strain generated 
compressive stress in this region as shown in Figure 5-21. This compressive stress in the bonded 
region and stress free state in the crack lip region remained after bonding the second substrate. 
As the crack grew from the transition region into the bonded region, the strain energy release 
became less. This was because the lower substrate locked the compressive stress and limited the 
release of strain energy in the bonded region compared to the transition region where part of 
the strain energy was released as the result of the free moving crack lip. This can lead to a 
reduced fracture energy being calculated compared to the fracture energy calculated in the Iran- 
sition region. The fracture energy in the bonded region can be determined from the same model 
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by preventing the expansion of the crack lip region thus inducing compressive stresses as in the 
bonded region. The fracture energy obtained was similar to the results obtained neglecting 
residual strains. This means that the strain energy contributed by the thermal and swelling 
strains was not released. Hence, the fracture energies obtained when neglecting residual strains 
gives a more suitable characterisation of the interfacial strength. 
Table 5-1. Summary result of fracture energy of MMF test configuration 
Interfacial Moisture 
Concentration, c/ca, 
0 
0.00413 
0.0312 
0.0853 
0.3248 
0.3981 
0.5719 
0.6592 
0.9735 
0.8 
Initial Failure 
Load (N) 
2423 ± 171 
2123 ± 105 
1969 ± 227 
1595 ± 202 
898 ± 59 
811±39 
688 ± 74 
788 ± 46 
544 ± 78 
Fracture Energy, GG J/m2 
(neglecting residual strains) 
748.8 
580.4 
501.5 
279.6 
105.9 
86.7 
63.3 
83.3 
40.3 
Fracture Energy, G, J/m2 
(including residual strains) 
748.8 
633.7 
534.8 
288.0 
89.7 
72.5 
69.6 
90.2 
85.0 
0.7 
, s-0.6 
2 
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Figure 5-22. Fracture energy as a function of interfacial moisture concentration. 
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5.6.2 Notched Coating Adhesion (NCA) 
The schematic geometry of the NCA is depicted in Figure 3-36 on page 96. The closed form 
analytical solutions for determining the strain energy release rate have been derived in [I 10] as 
shown in Equation (5-6) and Equation (5-7) where h is the thickness, E and v are the elastic 
modulus and the Poisson's ratio of the adhesive respectively; vs is the Poisson's ratio of the sub- 
strate; Cr and sm are the residual strain and the applied axial strain respectively. These equations 
assume that the adhesive coating is relatively thin compared to the substrate and the strain 
energy release rate comes exclusively from the adhesive layer. The debonding front is assumed 
straight across the width of the specimen and perpendicular to the debonding direction when the 
specimen is loaded axially. The GSS in Equation (5-6) indicates the steady-state solution which 
is appropriate when both a/w and a/h are sufficiently large (a is the crack length). The GI, indi- 
cates the lateral constrains solution that is suitable for moderately short initial debonds when a/ 
h is the order of five or more but a/w remains small. Short debonds prevent the free lateral 
expansion of the debonded coating and hence not all the stored strain energy has been released. 
The difference between these solutions is small as shown in Figure 5-23 for v and vs taken to 
be 0.4 and 0.33 respectively when the residual strain is ignored. Significant difference was 
found when the residual strain was taken into account [110]. 
hE 2 (1 - 2vvs + vs2) 2 GSS = 
[Cr 
+ ErEm(1 - vs) + Em (5-() (1-v) 2(l+v) 
G, = 
hE 
2 
[Er(1 +v)+(1 -vvs)Em]2 (5-7) 
2(1-v ) 
Finite element analysis was used to check the analytical solutions. Both 2D and 3D models were 
generated as shown in Figure 5-24 and Figure 5-25 respectively. Two 2D half models of NCA 
were modelled with 8 noded plane stress (CPS8) and plane strain (CPE8) elements for plane 
stress and plane strain assumption respectively. The generation of crack tip elements were sim- 
ilar to Figure 5-15. The 3D quarter model of NCA used 20-noded bricks elements (C31320) to 
generate the mesh with 3D singular elements created around the crack tip as shown in Figure 5- 
25(b) (see "Contour Integral Evaluation" Section 7.8.2 in [162]). The steel substrate and the 
adhesive was modelled as an elastic material with ES 207GPa and vs= 0.33, E= 2774MPa and 
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v=0.4 respectively. The thickness of the substrate and the adhesive were 1.58mm and 0.27mm 
respectively. Appropriate boundary constraints were applied to the FE model and a displace- 
ment was applied to obtain a strain between 0.01 to 0.1. J-integral was used to calculate the 
SERR over this range of applied displacements. The results are shown in Figure 5-23. 
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Figure 5-23. Comparison of nondimensional SERR obtained using analytical and finite element methods. 
D 
Figure 5-24. Two dimensional finite element model of NCA. 
The plane stress results compare well with the GSS obtained from the analytical solution as 
shown in Figure 5-23 because the lack of constraint on the adhesive coating makes the problem 
approach a plane stress state. Whereas plane strain gave a higher value and does not agree with 
G5 and Gj, This is expected as greater strain energy was stored in the plane strain model for 
the same applied strain. According to [I 10], the analytical solution can be modified to give the 
plane strain solution by altering the Poisson's ratios. This is meaningless when the actual NCA 
Anal ical 
ý- Gss lEh 
ýGklEh 
2D FE 
ý- GT /Eh-plane stress 
- GT /Eh-plane strain 
3D FE 
---- GT /Eh-outer element 
Q GT /Eh-inner element 
* Average across debond region 
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geometry is, of course, a 3D problem, so plane stress and plane strain representation are some- 
what crude. 
tc 
lkV f 
Figure 5-25. (a) 3D finite element model of NCA. Only a quarter of the specimen was modelled; (b) 3D crack tip 
elements. 
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Figure 5-26. The variation of non-dimensional SERR with the half width of the specimen at different applied 
strain. 
The 3D model gave more interesting results. The SERR has been evaluated along the crack front 
at each group of nodes that define the crack tip using the 
J-integral. The SERR has been aver- 
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aged across each elements width and has shown excellent agreement with the results obtained 
using virtual crack closure technique for the 3D model [ 107] in Equation (5-8). The variation of 
non-dimensional SERR across the half width of the specimen at different applied strains is plot- 
ted in Figure 5-26. The non-dimensional SERB. remains nearly constant over the inner elements 
but increases at the outer most elements (free edge). By taking the non-dimensional SERR 
values in these regions and plotting them in Figure 5-23, it can be seen that the non-dimensional 
SERR at the inner element agree closely with Gic whereas the non-dimensional SERR at the 
outer edge gives the highest value that nearly agrees with plane strain results. This high value 
of non-dimensional SERR at the outer edge is contributed by the mode III crack opening and 
this mode is negligible in the inner elements as it has been constrained against expanding later- 
ally. This was determined by calculating the SERR for each mode of crack opening (G1, G11 and 
GII1) as listed in Table 5-2. The high non-dimensional SERR causes the outer edge to debond 
earlier than the inner element and this is what was observed in the experiment as illustrated in 
Figure 3-49 where the crack front curved. The average of the non-dimensional SERR in the ini- 
tial debonding region, typically around 2-3mm from the outer edge, gives the estimated SERR 
of the actual debonding process. These results are plotted in Figure 5-23 and give close agree- 
ment to GSS. Hence, Equation (5-6) provides a better closed form solution in determining the 
fracture energy of the NCA configuration. Nevertheless, the 3D model was used to determine 
the interfacial fracture energy as a function of interfacial moisture concentration. 
G` 
2(tc)Da 
F't(CI Wq + C2Wx, - 2C2WS - 
C22Wu) 
+Fir(c2 Ww - 
C22 
WS 2C2wu + C, w, 
) 
1Cl 
22 
wu+wýJ + F. 
rlw9+C3WH, 
+C4Ws+C4Wu+C21W, ) +Fin(2ws+w9) +Fiv(l 
5ir 
where C1 = 61t-20, C2 = 7c-4, C3 = 7r-2, C4 = -7 +4 and w is the nodal separation. ( 5-8) 
Table 5-2. Comparison of non-dimensional strain energy released rate at the inner and outer element 
Non-dimensional Strain Energy Released Rate (G/Eh) 
G, G1, G11I GT J-integral 
Inner element 2.069 x 10"3 2.268 x 10 "3 4.21 x 10-8 4.338 x 10-3 4.469 x 10-3 
Outer element 2.956 x 10'3 2.465 x 10'3 7.19 x 10-4 6.141 x 10'3 6.124 x 10'3 
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The interfacial fracture energy was determined taking into account the dual stage Fickian mois- 
ture diffusion and neglecting and including residual strains effects using the 3D model shown 
in Figure 5-25. First, the dual stage Fickian diffusion analyses, as described in Section 5.2, were 
performed to obtain the moisture concentration profiles using the uptake parameters of 0.4mm 
thick bulk adhesive listed in Table 3-4 on page 72. Then, this moisture profile was used to pre- 
scribe the varying elastic modulus across the adhesive layer. The moisture distribution in the 
adhesive layer is shown in Figure 5-27(a). Displacements were applied corresponding to the 
critical strain, ec, listed in Table 3-9 on page 108 to load the substrate. The interfacial fracture 
energies were obtained by averaging the J-integral's fracture energy within the estimated deb- 
onding region as listed in Table 5-3. 
": ýä 
(a) (b) 
Figure 5-27. (a) Moisture distribution profile; (b) Thermal strain distribution across the specimen. 
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Figure 5-28. (a) Swelling strain distribution across the adhesive layer (crack closure); (b) crack opening when 
mechanical strain applied. 
Analyses including residual strains were implemented differently. First, a thermal loading of - 
70°C was applied to model the curing process. This caused the adhesive layer to shrink and the 
crack opened as shown in Figure 5-27(b). Then the moisture concentration profile was read ini- 
tially to determine the elastic modulus variation. This was followed by the swelling process 
i 
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Fracture Energy, GG J/m2 
(neglecting residual strains) 
where the moisture concentration profile was used as a change of temperature. The crack started 
to close as shown in Figure 5-28(a) when the swelling occurred. It was necessary to define a pair 
of contact surfaces between the substrate and the adhesive to ensure that the excessive swelling 
did not cause the mesh to overlap. The detail of defining these surfaces can be found in Section 
in 21.1.1 in [ 1631. Finally, the boundary condition mentioned recently was applied and the inter- 
facial fracture energies were evaluated using the J-integral. 
Table 5-3. Summary result of fracture energy of NCA test configuration obtained using 3D model 
Interfacial Moisture 
Concentration, c/c, 
0 
0.0355 
0.0731 
0.2315 
0.3699 
0.4209 
0.5978 
Critical Strain, 
E'% 
4.02 ± 0.69 
3.16 ± 0.48 
2.81 ± 0.37 
1.88 ± 0.25 
1.53 ± 0.45 
1.31 ± 0.27 
1.12 ± 0.13 
0.8- 
0.7- - 
0.6- - 
v 
.. 0.5 ý 
0.4 
W 
I 
:: 
602.7 
346.8 
264.7 
110.0 
70.1 
47.1 
33.3 
Fracture Energy, G, J/m2 
(including residual strains) 
751.3 
363.2 
299.4 
95.6 
41.3 
24.0 
27.5 
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Figure 5-29. Interfacial fracture energy obtained using 3D model of NCA. 
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The results are listed in Table 5-3 and depicted in Figure 5-29 both for neglecting and including 
residual strains. The fracture energy dropped exponentially with interfacial moisture concen- 
tration in both cases. The thermal effect was significant when the adhesive was dry. This was 
due to the high peel and shear stress which developed around the crack tip. Part of the high peel 
and shear stress were reduced by the swelling and this led to smaller differences in fracture ener- 
gies obtained from both cases at higher interfacial moisture concentrations. Unlike MMF, all 
the strain energy developed by the swelling was released in the NCA. At higher moisture con- 
centration, the fracture energy obtained including residual strains was lower than the one with- 
out because of crack closure due to the swelling. The values of fracture energies obtained were 
very consistent with those from MMF, even though both test configurations are different. 
Table 5-4. Summary result of fracture energy of NCA test configuration calculated using 2D model 
Interfacial Moisture FraSture Energy, GG FraSture Energy, GG Fracture Energy, Gc J/m2 (plane 
Concentration, c/c, J/m (plane strain) J/m (plane stress) stress including residual strains) 
0 727.0 610.0 747.5 
0.0355 449.2 377.2 385.0 
0.0731 355.2 298.3 289.8 
0.2315 159.0 133.5 98.3 
0.3699 105.3 88.4 46.2 
0.4209 77.2 64.8 17.9 
0.5978 56.4 47.4 3.8 
A separate solution was carried out on the two dimensional model to calculate the fracture 
energy because the rupture element developed in Chapter 6 can only be used in a two dimen- 
sional problems. Hence, any information on differences of fracture energy would be useful 
when the results were predicted using the rupture element. Both plane stress and plane strain 
models were developed using the mesh in Figure 5-24. The fracture energy calculated is listed 
in Table 5-4. The plane strain results are higher than the plane stress because greater strain 
energy is stored for the same applied strain. The plane stress and 3D solutions generally com- 
pare well, both for the case of neglecting residual strains and including residual strains. How- 
ever, at high moisture concentrations the results are less consistent. This is because of the 
inability of the 2D model to take into account the swelling related mode III crack opening. 
Hence, the fracture energy calculated using the 3D model gave a better account of the mode III 
contribution. 
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5.7 Conclusions 
The work presented covers the complicated finite element modelling to obtain the moisture 
dependent fracture energy. This involved a sequence of steps of different analyses to complete 
the modelling. The dual stage Fickian moisture diffusion analyses were achieved by combining 
two single Fickian analyses. The moisture concentration profiles were then used in subsequent 
analysis for modelling the variation of mechanical properties and swelling strains. It was found 
that the moisture dependent swelling coefficient predicted the swelling better than a constant 
swelling coefficient. The low swelling coefficient used at low moisture concentration was 
attributed to absorption of the moisture into the existing voids. The subsequent swelling was due 
to the displacement of water in the degraded polymer matrix. 
The thermal expansion coefficient obtained experimentally was used in a FE environment to 
predict the change of curvature of the bi-material beam for a range of temperature drops. The 
reduction of curvature of the bi-material curved beam after exposure to a moist environment 
was successfully predicted u sing FE analysis. It w as demonstrated that the swelling of the 
exposed surface flattened the beam as exposure times increased. The predicted results show 
encouraging correlation with the experimental data at short exposure times. 
Analytical solutions were considered for both MMF and NCA fracture tests. The MMF analyt- 
ical solutions for compliance and strain energy release rates were not consistent with the FE 
solutions as the adhesive modulus is neglected in the closed form solution. The analytical solu- 
tions for NCA gave good agreement with 2D plane stress FE solutions. However, it was dem- 
onstrated that the NCA is a 3D problem where the debonding process and strain energy release 
rate (particularly mode III contribution) varies across the crack front. This accounted for the 
curved crack front observed in the experiment. Hence, a 3D FE model of NCA was used to 
determine the fracture energy. 
The fracture energies were obtained both neglecting and including residual strains from both 
fracture test configurations. The fracture energies obtained from MMF showed only small dif- 
ferences when neglecting and including residual strains. It was demonstrated that these differ- 
ences were due to the residual strains developed in the adhesive. 
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The fracture energies were also obtained from NCA using the 3D model. Including the residual 
strains in the NCA caused significant differences in fracture energy especially at low interfacial 
moisture concentration. This is due to the additional strain energy stored by the residual strains. 
Unlike the MMF, this stored strain energy was completely released during crack growth due to 
the lack of constraint from a second substrate. 
The 2D analyses were carried out to determine the fracture energy for use in comparison with 
MMF when modelling the progressive damage in Section 7.2. It was found that plane strain 
solutions of both MMF and NCA showed good agreement. However, lower fracture energy was 
obtained for the NCA when considering plane stress solutions. This is because less strain energy 
is stored for a given applied strain in plane stress model of the NCA. 
Nevertheless, the fracture energies obtained from both test configurations were in good agree- 
ment and had the same reducing trend with increasing interfacial moisture concentration. It was 
found that there was a 90% reduction of fracture energy over the range of moisture concentra- 
tions considered. This strongly indicates the susceptibility of the adhesive/substrate interface to 
moisture attack. This interfacial moisture dependent fracture energy is one of the fracture 
parameters used by the rupture element to model the progressive damage of joints along the 
interface region after exposure to a moist environment. The development of the rupture element 
is covered in the next chapter. 
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CHAPTER 
6 
DEVELOPMENT OF THE INTERFACIAL 
RUPTURE ELEMENT 
Based on the review in Section 2.5.3, modelling progressive damage along the interface using 
cohesive crack approach requires a special interface element or rupture element. Such interface 
damage can be found in adhesively bonded structures when exposed to moist environments. 
This rupture element utilise fracture parameters, such as fracture energy, that characterise the 
bonding strength to model the damage and separation of materials. The process of damage and 
separation is based on a separation law. This chapter outlines the development of the rupture 
element in the finite element environment for modelling the interfacial degradation of bonded 
joints. Benchmark models were used to validate the rupture element subroutine before applying 
this rupture element to predict the experimental results of the MMF and NCA tests (Chapter 7) 
and other joints (Chapter 8) with same steel/AV 119 interface. 
6.1 Interfacial Separation Law 
The interfacial separation process can be considered as a macro mechanism of failure of two 
different bonded materials and not a micro mechanism of atomic separation. Such interfacial 
failure can mostly be found in adhesively bonded structures. A separation law was introduced 
to characterise phenomenologically the separation or process zone that occurs ahead of the 
crack tip and along the interface. This separation law, in some respects, resembles to the Baren- 
blatt model. The crack is assumed to weaken when the stress at the crack tip reaches the maxi- 
mum stress and then soften as the crack opening increases as shown in Figure 6-1. This 
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softening region is called the fracture or process zone. This process zone corresponds to the 
weakening of the material ahead of the crack tip, such as the formation of voids. The work done 
in opening the crack to form a new crack area is called fracture energy. 
Q 
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crack tip Material 1 
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Figure 6-1. Schematic illustration of the damage formed ahead of the crack tip along the interface. 
F(X) 
Figure 6-2. Spring element force as a function of non-dimensional displacement for the interface separation. 
The separation of two initial coincident points within the process zone is illustrated in Figure 6- 
1 where S and S, are the normal and tangential components of the displacement across the inter- 
face. The idealised separation law acting on these two points is defined according to Figure 6- 
2 where the force acting on these two points is controlled by a non-dimensional crack separa- 
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tion, X. Although any unloading profile can be used, it was found that the shape is of minor 
importance [ 130]. The non-dimensional crack separation measure, X, as defined in Equation (6- 
1) takes into account the mode of separation where 8,, ` and 8, ' are the critical displacement 
values of these components. This term is defined such that the interface adhesion force increases 
initially with ? and reaches the ultimate force, F,,. This is followed by unloading where the inter- 
face weakens and completely separates when X equals unity. The continuous piecewise force 
functions for this triangular separation law are listed in Equation (6-2). During the unloading 
process, the potential energy, D, that has been absorbed from the system is given by 
Equation (6-3) and can be related to fracture energy, G. The normal and tangential forces, F 
and Ft, acting on the two points can be derived using Equation (6-4) as shown in Equation (6- 
5) to Equation (6-7). These equations also follow the piecewise functions described in 
Equation (6-2). 
s" 2+ s2 
Xr (6-1 ) 
Sn Sc 
K1a., 0<A. 5xu 
F(&) F"`1 
-pul, 
X. <2. <_ 1 (6-2) 
0, x>1 
(D(Sngt) = Sn 
ýF(k)dk 
(6-3) 
aý am ak F-=äS; = alka8i (6-4) 
130 c as i sn aý where T. = Sn F(X), öSn =ý R2 ' aSl X2 
n, t 
C 
F,, F, =K 
s1sn 
for 0<k: 5 ?u (6-5) 
Sn Sr Sr 
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Fn = 
F(k) sn F, = 
F(? ) SJb for XU <X <_ 1 
nJ 
AIC 
Fn = 0, Fr =0 for 1<X (6-7) 
This rupture element requires stiffness to be defined in order to work in a finite element code. 
Based on Figure 6-2, the stiffnesses of the spring element also changes according to the piece- 
wise function. These stiffnesses (K) can be derived using Equation (6-8) for the loading, unload- 
ing and released regions as listed in Equation (6-9) to Equation (6-11). 
dF_aFaX aF 
K= dS aa, as + as ( 6-8 ) 
K,, = K, K, =K 
S2 
for 0<X 5X u (6-9) 
ic 
t2 
, 
K" _ 
F. 
1-). - 
S" 
KK = S"Fý' 1-ý, c k8n(1 - X. ) " 
ß, 5I (1 - a, u) Sr 
aFn aFt FUSnÖt 
K=_= for ?. u<X<-1 (6-10) nt 681 ä8n )' Sý2Sn(1 -X, ) 
K. =0 for 1<X where i=n, t( 6-11) 
The work done (E,,, ) to create a crack extension of Aa with width w is given in Equation (6-12) 
where G is the fracture energy of a material or a bi-material interface. The work can be related 
to the energy absorbed by the spring element using Hooke's law in Equation (6-13) where Sr is 
the equivalent release displacement and S is the equivalent tripping displacement (which can 
normally be omitted with a high initial stiffness, KI). This equivalent release displacement, Sr is 
related to the critical mode I and II release displacements (Sc and Src) as shown in Equation (6- 
14). This assumption was based on the finding in [ 131] where the ratio Sc/Stc has relatively 
little influence on the overall response of the prediction. This assumption also results in 
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Equation (6-15) where the resultant force F(k) is the magnitude taking into accounts the two 
components. The same assumption was also used in [134]. 
Ew = GOaw (6-12 ) 
1 Ew = 
IFu(8, Su) 
2E. 
S, = F" + 
$u ( 6-13 ) 
u 
Sc = 81c =8r (6-14) 
F(Ä) = 
j(F) 2+ (F, ) 2 (6-15) 
The above formulation forms the separation law for the mixed mode loading where Fu and G 
are the main controlling parameters. The equations above can be rewritten for pure mode I or II 
loading. In pure mode I, the tangential displacement, St is zero. The force acting on the two sep- 
aration points comes from only the normal component as listed in Equation (6-16) and 
Equation (6-17) where the tangential component (F1) is zero. The normal force reduces to zero 
when the separation reaches critical value 8,, '. Similarly, these equations can be rewritten for 
mode II by replacing the subscript n with t. 
Sc 
= K 8 for 0<X5X (6-16) Fn = Kl 
b" 
F 
F" = Fu 
S" 
" and K" _ for ÄU < a, S1( 6-17 ) 
S" Su (s" - Su) 
6.2 Rupture Element Formulation 
The mixed mode separation law presented in the previous section was incorporated into an 
existing finite element code. This was achieved by developing a new user element. This element 
is named a rupture element. Previous studies by Hadidimoud [143,144,170] showed that the 
rupture element was best represented by a three noded element for two-dimensional problems 
as shown in Figure 6-3. Multiple rupture elements can be placed along the predefined separation 
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path or crack path. In the case of interfacial failure, these elements are placed along the interface 
as shown in Figure 6-4. The distance between adjacent rupture elements is the crack extension 
(Da) or the element height (le) (for square elements). 
There are two approaches that can be used to trigger the separation and unloading of the two 
nodes when the load reaches F. The first is by predefining the tripping force (F,, ) directly. The 
alternative approach is to use a predefined tripping strain (ETS) in the ductile layer measured 
using node I and node 2. Although the former is the most direct approach and has been widely 
used by others [ 129-131,134], the latter is considered here because it gives a more realistic mea- 
surement of the strain of the ductile layer prior to separation. 
Ar 
dig 
Node 1-" 
Rý, 
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t. 
Node 2 
ýbr 
Node 3 b1, 
Figure 6-3. Rupture element structure for two dimensional modelling. 
Figure 6-4. Arrangement of multiple rupture elements along the interface in a finite element model. 
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The connection between node I and node 2 has no stiffness and these nodes are superimposed 
at the common nodes between two adjacent 4-noded quadrilateral isoparametric continuum ele- 
ments as shown in Figure 6-3. The function of these two nodes is to estimate the continuum 
strain (se) of the ductile material, which is used to trigger the separation. The continuum strain 
is calculated using Equation (6-18) where le is the distance between node 1 and node 2 (for an 
element orientated in the y-direction). 
ce = 
ReI le 
where Re = (le + ey)2 + ex2 (6-18) 
e 
A spring element that follows the separation law is placed between nodes 2 and 3, which are 
initially coincident. When the structure under study is loaded, the force between the two nodes 
increases steeply with a high initial stiffness (K and Kt) to ensure connectivity. As the contin- 
uum strain reaches the predefined tripping strain (sTS) the process of unloading starts and nodes 
2 and 3 begin separating. The work done by the spring is defined in Equation (6-12). Release 
starts when the separation reaches the critical value (X = 1) and the spring force drops to zero. 
The rupture element is effectively terminated and removed when it has completed the cycle. 
6.2.1 User Element (UEL) in ABAQUS 
The rupture element discussed in the previous section was implemented using the ABAQUS 
finite element code environment (see "User-defined elements" Section 18.6.1 in [ 163] and 
"UEL" Section 25.2.19 in [164]). For a general user element, user subroutine UEL must be 
coded in Fortran 77 language [1711 to define the contribution of the element to the model. 
ABAQUS calls this routine each time the information about a user-defined element is needed. 
At each call, ABAQUS provides the values of the nodal coordinates and of all solution-depen- 
dent nodal variables (displacements, incremental displacements, etc. ) for all degrees of free- 
doms associated with the element. It also provides the solution-dependent state variables 
associated with the element. ABAQUS also provides the values of all element parameters asso- 
ciated with this element that have been defined 
in the *UEL PROPERTY [164] option and a 
control flag array indicating what function the user subroutine must performed. Depending on 
the setting of the control flags, the subroutine must define the contribution of the element to the 
residual load vector (RHS) and the Jacobian (stiffness) matrix 
(AMATRX). 
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The contribution of the rupture element to the RHS of the overall system of equations is defined 
as {Fe} as shown in Equation (6-19). The first two rows of the array are zero as there are no 
contributions to the RHS vector from node 1 in either degree of freedom. The contribution of 
the rest of the nodes can be related to the tangential and normal force derived in Equation (6- 
16) to Equation (6-18) as there is a spring element connecting both node 2 and node 3. The con- 
tribution of this element to the Jacobian (stiffness) matrix, [KT], is defined in Equation (6-20) 
using the stiffness derived from the separation law. Another user defined array stores meaning- 
ful values associated with the user element called solution dependent state variables (SVARS). 
The number of SVARS used must be defined in the input file using the keywords *USER ELE- 
MENT in [ 164]. The time step of the solution also can be controlled by the user using PNEWDT 
(see "UEL" Section 25.2.19 in [164]). This PNEWDT changes the time step for that increment 
by providing a suggested ratio of the new time increment to the time increment currently being 
used. If PNEWDT is redefined to be less than 1.0, ABAQUS must abandon the time increment 
and attempt it again with a smaller time increment. This is useful when there is a transition from 
one stage to another where the transition points must be accurately accounted for. 
10 0 
{FQ}={RHS} 
IF, 
= IF,, 
-F, 
-F,, 
[KTJ = [AMA TRX] =- 
(6-19) 
00 0 0 00 
00 0 0 00 
00 K1 K,,, -K, -K 1 
00 K,, 1 Kn -Knt -Kn 
(6-20) 
00 -K1 -Ku, K1 Kt 
00 -Knt -K,, Kn1 Kn 
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6.2.2 Overview of the Algorithm 
The rupture element subroutine was developed based on the separation law discussed in 
Section 6.1 and must perform according to Figure 6-2. The flow of this algorithm is shown in 
Figure 6-5 and the subroutine code is listed in Appendix C. On each call, the subroutine starts 
with a variable declaration and user subroutine interface statement (see "User-defined ele- 
ments" Section 18.6.1 in [163]). The sequence is followed by matrix initialisation where the 
RHS and AMATRX are reset. Then, the variable declared is assigned to the user element prop- 
erties (PROPS(k)) using the *UEL PROPERTY where k is the number of properties needed has 
been defined in the input file. A total of 12 properties that are defined for the user element are 
listed below. 
1. PROPS(1) - Initial loading stiffness of the spring, K and Kt. 
2. PROPS(2) - Released stiffness 
3. PROPS(3) - Fracture energy, G 
4. PROPS(4) - Material thickness, w 
5. PROPS(5) - Tripping strain, c-rs 
6. PROPS(6) - Unloading tolerance, W 
7. PROPS(7) - Releasing tolerance, Z 
8. PROPS(8) - Finite element symmetry or non-symmetry 
9. PROPS(9) - Mode selection (Mode I=1; Mode II=2, Mixed Mode=3) 
1O. PROPS(10) - Failure criteria (Y strain =1, X-Strain =2, Resultant Strain = 3) 
11. PROPS(11) - Orientation of rupture element (Node(123)=1; Node (321)=2) 
12. PROPS(12) - Crack extension, Ma 
Next, the values of the nodal coordinates and of all solution-dependent nodal variables such as 
displacements, the state variables (SVARS) and the predefined field (PREDEF) variables are 
used to calculate the le, 5n, S,, se, A. and E. Then, the algorithm structure reaches a selection 
route where there are seven possible steps. The separation law described in Section 6.1 has a 
piecewise function that consists of three main stages namely the "loading", "unloading" and 
"released " stage. In order to ensure the continuous transition from one stage to the other, four 
stages namely "unloading cutback ", "start unloading ", "releasing cutback" and "start releas- 
ing" were included in the selection. The selection of the step depends on the ratio of continuum 
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strain to the p redefined t ripping s train, Ee /CTS, S VARS(2), X and S VARS(10) in sequence. 
SVARS(2) and SVARS(10) are the control flags which are defined in the "start unloading" and 
"start releasing" stages respectively. The "loading" stage is selected when se/CTS is less than 
unity and the formulation of force vector in Equation (6-5) and stiffness in Equation (6-9) are 
defined in Equation (6-19) and Equation (6-20) respectively. When ne/ETS exceeds unity, the 
flow will go to either the "unloading cutback" or "start unloading" depending whether the Ee/ 
5TS is greater or less than the unloading tolerance, W. The unloading tolerance gives a range 
within 1.005 to 1.02 where the "unloading" can start. Preliminary studies showed the unloading 
tolerance within this range had very little effect on the overall solution but a narrow tolerance 
required more iteration. On the other hand, when the se/sTS exceeds the unloading tolerance, the 
subroutine ignores the current time step and utilises the PNEWDT to reduce the time step in the 
"unloading cutback ". This is to ensure that the 6e/CTS falls within the unloading tolerance in 
order to progress to the "start unloading" stage. The calculation of PNEWDT uses interpolation 
techniques to obtain the reduce time step as shown in Equation (6-21) where SVARS(1) and 
SVARS(8) are the earlier and current increment value of Ee/sTS respectively. PNEWDT is fur- 
ther reduced by one tenth to take into account a more complex model where many rupture ele- 
ments are requesting cutback. 
PNEWDT = 0.1 
[1 -SVARS(1)] 
[SVARS(8) - SVARS(1)] 
(6-21) 
In "start unloading ", SVARS(2) is set to unity so that the next call of the subroutine will direct 
the flow to the "unloading" stage. Values such as 8c, ku and Fu are calculated using 
Equation (6-13), Equation (6-1) and Equation (6-15) respectively. These values are stored in 
the state variable for further use in the "unloading" stage. The "unloading" stage is determined 
by the value of X. The unloading formulation in Equation (6-6) for RHS and Equation (6-10) for 
AMATRX are defined according to the Equation (6-19) and Equation (6-20) respectively. As 
with the "unloading cutback", a "releasing cutback" is used to control the release point. The 
"start releasing " stage starts when ?. is more than unity and less than the releasing tolerance, Z. 
In this stage, the control flag SVARS(10) is set to unity. Finally, the subroutine reaches the 
"released" stage and all the forces and stiffness are zero based on Equation (6-7) and 
Equation (6-11). This simulates the elimination of the rupture element from the global system 
of equations. All the stages mentioned are irreversible with the use of control flags. 
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Figure 6-5. Rupture element subroutine algorithm. 
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There are other state variables used to store the rupture element solutions for further data pro- 
cessing. The subroutine can be monitored by outputting the state variables of the rupture ele- 
ments into the ABAQUS results file (*. fil) (see "Output Variable Identifiers" Section 24.1.1 in 
[164]). These results are not readily processed using existing finite element software such as 
PATRAN and ABAQUS CAE due to the non-standard nature of the data. Hence, two special 
programs were developed to process and visualise the response of the rupture elements. This 
was achieved by combining and utilising the subroutine provided by ABAQUS to access the 
result file with a user developed data processor program (Appendix D). The way to access the 
ABAQUS results file can be found in "Accessing the results file" Section 5.1.1 in [162] and 
"User postprocessing of ABAQUS results files" Section 8.1.1 in [165]. The output of the first 
program (SDV-FIL4. exe) is a formatted data file (*_SVARS. dat). This output data file is then 
read and visualised using the second program (SDV-MATLAB3. exe) written using combina- 
tion of FORTRAN and MATLAB [172] programming languages (Appendix E). The two pro- 
grams developed, increase the data processing efficiency significantly. Prior to applying the 
rupture element in modelling the failure response of an environmentally degraded interface, a 
number of benchmarks were carried out to check the rupture element subroutine. 
6.3 Rupture Element Benchmarking 
Three simple FE models were developed to study and validate the response of the rupture ele- 
ment in mode I and mixed mode loading. These models consist of one single rupture element 
attached to a standard spring element that allowed the flow of the algorithm and response of the 
separation law to be studied. Then, the rupture element was integrated into a more complex 
model to observe the response when multiple elements were prescribed along the debonding 
path. The rupture element was not only applied to interfacial debonding but also continuum deb- 
onding. A compact tension model was selected where the FE results were compared with an 
existing analytical solution. The effect of fracture energy and tripping strain on the FE results 
were investigated. 
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6.3.1 In-line Standard Spring - Rupture Element Model 
The simplest benchmark model is shown in Figure 6-6. The model consists of a standard spring 
element (see "Springs" Section 17.1.1 in [163]) connected between node 1 and 2 of the rupture 
element. Node 3 of the rupture element is fully constrained and initially coincides with node 2. 
The standard spring stiffness is set at 3000N/mm whereas the initial rupture element stiffness 
(K and K, ) is set at 300000N/mm. This high stiffness is to minimise the separation of node 2 
and 3 prior to separation. The energy absorbed (E,,, ) by the rupture element is 0.8Nmm. The trip- 
ping strain (CTS) that triggers the separation is set to 0.01. A ramped axial displacement loading 
was applied on node 1. This tensile loading used the mode I solution in Equation (6-16) and 
Equation (6-17) to model the separation. 
Standard spring 
F 4ýmejýM 
x321.1 
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Figure 6-6. In-line standard spring - rupture element benchmark model. 
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Figure 6-7. Force-displacement plot of the in-line spring benchmark model. 
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The rupture element unloads when the spring force across node 1 and node 2 reaches 30N which 
corresponds to 0.01 strain. Then the load gradually reduces at a constant rate until final release 
as calculated in Equation (6-17). The force-displacement curve is shown in Figure 6-7. The area 
under the curve is the energy absorbed (Ew). The critical displacement (Sn') is calculated using 
Equation (6-13). The solution used cutbacks to ensure smooth transition of each stage as men- 
tioned in Section 6.2.2. These cutbacks are noted by plotting the load against increment as 
shown in Figure 6-8. For each cutback, the time step reduced and the current increment was 
evaluated again. The subsequent time step automatically increases after a few successive itera- 
tions. This automatic time increment is controlled by ABAQUS but it can be changed (see 
"Commonly used controls" Section 8.3.1 in [162]). 
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Figure 6-8. Force against increment of the in-line standard spring - rupture element benchmark model. 
The model above can be unstable when higher values of tripping strain are used. Here the strain 
energy stored must be released to remain in equilibrium. The above solution did not show any 
instability where the energy released (0.8Nmm) was from both the energy stored in the standard 
spring element (0.15Nmm) and the additional work done (0.65Nmm) by the applied displace- 
ment. However, the instability exists when the energy released (0.8Nmm) comes mostly from 
the standard spring element. For example, the standard spring element stores an energy of 
0.8Nmm at a tripping strain of 0.023. This stored energy is equal to the energy that must be 
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released by the rupture element. So, without any work done by the applied displacement, the 
standard element must collapse and release the strain energy to remain equilibrium. This leads 
to instability. 
This instability is similar to buckling or collapse behaviour. Several approaches are possible for 
modelling such behaviour. One is to treat the problem dynamically or use dashpots to stabilise 
the structure during a static analysis. In some simple cases, displacement control can provide a 
solution, even when the reaction force is decreasing as the displacement increases, such as the 
example shown above. In a more complex model, ABAQUS offers automated damping by 
using the STABILIZE parameter on the static analysis procedure (see "Static stress analysis, " 
Section 6.5.4 in [162]). The damping or viscous forces, F, in Equation (6-22) are added to the 
global equilibrium equations in Equation (6-23) where M is an artificial mass matrix calculated 
with unit density, c is a damping factor, v is the vector of the nodal velocity, P is the external 
nodal force and I is the internal nodal force. The global equilibrium equation in Equation (6-23) 
must be satisfied in order to have a solution. The magnitude of the viscous forces, F, can be 
controlled by specifying the value of damping factor, P. The viscous forces can be very large 
and this can affect the solution in ways that are not desirable. Hence, the damping factor is 
changed to ensure the viscous forces, F,, are small compared to nodal forces. The typical value 
of damping factor used in unstable analyses such as crack propagation was 1x10-8. 
F, = ßMv (6-22) 
(6-23) 
6.3.2 Four Noded Quadrilateral Element Model 
The benchmarking proceeded with another two different test models as shown in Figure 6-9, 
where the rupture element was integrated into the four noded quadrilateral element mesh. Two 
types of loading were applied; one was mode I loading (Figure 6-9(a)) and the other was mixed 
mode loading (Figure 6-9(b)). The mode I model showed a similar response to the in-line spring 
element where it performed according to the separation law. Unlike mode I, the mixed mode 
model has both the normal and tangential displacements equally loaded in both directions as 
shown. 
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Figure 6-9. (a) Mode I loading; (b) mixed mode loading. 
F 
Z 
U. 
m 
2 0 
LL 
The expected result of the mixed mode problem was obtained where it satisfied the analysis 
described in Section 6.2 on page 159. The force-displacement plot of the rupture element under 
mixed mode loading is shown in Figure 6-10. Each of the load components (F and F) were 
applied initially with very small displacements. When the continuum strain measured, F., 
reached the specified tripping strain, CTS, the tripping force, F,,, was calculated using 
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Figure 6-10. Force-displacement plot of the mixed mode benchmark model. 
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Equation (6-15) and subsequently the unloading stage proceeded. Each component of the 
unloading stiffness was calculated using Equation (6-10) and substituted in Equation (6-20). 
The ratio of the work done in mode I and mode II is unity because of the equal load in both direc- 
tions. This mode ratio can be altered by changing the loading condition. The sum of the two 
areas under the curves of Fn and Fl is equal to the area under the F(? ) curve. The rupture element 
was tested in different loading configurations and each responded appropriately. 
6.3.3 Compact Tension Model 
A two dimensional linear elastic FE model of a compact tension specimen (Figure 6-11) was 
developed to verify the response of multiple rupture elements arranged along the crack path. 
This model was selected because the analytical solution is readily available and comparison can 
be made with the FE results. A preliminary study has been carried out to compare the analytical 
solution in Equation (6-24) with the linear elastic fracture energy (LEFM) obtained from FE 
analysis. The results showed that both are in good agreement as shown in Figure 6-12. This 
gives a greater confidence when comparing the result obtained from the model with rupture ele- 
ments to the analytical solution. 
G_ 1000(1 -v2) 
P(2 + r)(0.886 + 4.64r - 13.32r2 + 14.72r3 - 5.6r4) 
2 
(6-24) E B/(1 - r)ts 
where r=F. and0.2<r<1.0 
The linear elastic model mentioned above is shown in Figure 6-11 where, due to symmetry, only 
half the model is necessary. The mesh was developed using four noded quadrilateral plane strain 
elements with mesh refinement along the crack path. The maximum and minimum element size 
was 2 and 0.125mm respectively. The rupture elements were arranged along the crack path 
where node 1 and node 2 were attached to the continuum element and node 3 was constrained 
vertically as shown in Figure 6-13. An initial crack length of 2.625 mm was specified in the 
model. The elastic modulus of 2600MPa and Poisson's ratio of 0.4 [170] were specified in the 
continuum model and a fracture energy of 150J/m2 [ 170] together with a tripping strain of 0.006 
were used in the rupture elements. Then, the model was loaded in displacement control. 
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Figure 6-12. Comparison of fracture energy obtained from an analytical solution and the finite element model at 
different crack lengths. 
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Figure 6-11. Compact tension geometry and FE model. 
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Figure 6-13. The arrangement of rupture elements along the crack path of the compact tension model. 
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Figure 6-14. The load-displacement and crack growth response of the compact tension model obtained from 
single finite element analysis with rupture elements. 
The load-displacement response of the model above is shown in Figure 6-14. This complete 
unloading profile was obtained from a single analysis. Initially, the applied displacement 
increased linearly with the load and peaked at 182N. Then, the applied load dropped sharply, 
accompanied by increasing crack length with a small increase in the applied displacement. The 
load drop slowly reduced as the rate of crack growth reduced with increasing applied displace- 
ment. The analytical solution was also used to determine the failure load for different crack 
lengths using the same fracture energy, as plotted in Figure 6-14. The analytical solution from 
Equation (6-24) compares well with the predicted results obtained from the finite element 
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model with the rupture elements. Nevertheless, it is shown later that the fracture energy and trip- 
ping strain also influence the solution obtained. 
Z 
2 
a 
Figure 6-15. The rupture element force distribution along the predefined crack path at different time in the 
analysis. 
Figure 6-16. Partial overlay contour plot of y-stress at different crack extension. 
The distribution of the rupture element forces, F(k), along the crack length for range of times is 
shown in Figure 6-15. The rupture element forces showed a singular distribution behind the 
crack tip. Once tripped, the rupture element unloads until it is completely released. The zone of 
the unloading is called the PZL (Process Zone Length). This distribution of the force corre- 
sponds to the stress distribution in the continuum element, shown conceptually in Figure 6-1. 
This rupture element force distribution shifts as the crack length grows. The tripping forces (Fa, ) 
of each rupture element are shown in Figure 6-15. The lower Fu for the first rupture element is 
due to the hydrostatic pressure developed in the continuum when initiating the crack propaga- 
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tion. At steady state, the Fu for the remaining crack lengths are nearly constant and the small 
oscillation is due to the unloading tolerance specified. The unloading tolerance used, however, 
must be within an acceptably small range (1.005-1.02). Figure 6-16 shows overlaying contour 
plots of the y-stress at different crack lengths where the stress concentration developed around 
the crack tip progress as crack propagates. All the progressive results were obtained from a 
single analysis. 
250 
200 
z 
IX' 150 
2goo 
U. 
" Experimental results 
Predicted result with ETS = 0.006 
% ,, 
I . -o- 
P, (150J/m2) 
Y,, 
ý. 
\ -& 
P2 (300J/m2) 
Equation 
3<--- P2(300J/m2)=J(GJG)xP, (150J/m2) 
Analytical result 
P, (150J/n2) 
"" ------- P2 (300J/m2) 
50 
S 
0 
so 
02468 10 1Z 14 16 18 20 22 24 
Crack Length, a (mm) 
Figure 6-17. Failure load of compact tension at different crack length obtained at different level of fracture 
energy. 
A series of FE solutions were obtained by varying the fracture energy and tripping strain of the 
rupture element. The change of fracture energy affects the failure load obtained as shown in 
Figure 6-17. The figure shows that an increase of fracture energy from 150J/m2 to 300J/m2 
increases the failure load for both analytical and predicted solutions. The analytical solution 
increases according to the LEFM relationship in Equation (6-25) where G is the fracture energy 
and P is the failure load. The predicted solution closely follows the relationship in Equation (6- 
25) but there is minor deviation. The FE result gave a very good prediction of the experimental 
result [170]. 
G 
I 
p2 . G2PI (6-25) 
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Figure 6-18. The loading history of compact tension at different tripping strain. 
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Figure 6-19. Effect of fracture energy and tripping strain on the ultimate failure load of compact tension model. 
Another series of simulations were carried to see the effect of tripping strain on the ultimate fail- 
ure load (Pr) and the process zone length (PZL) at the two levels of fracture energy mentioned 
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above. The typical effect of tripping strain on the loading history is shown in Figure 6-18 for a 
fracture energy of 150J/m2. The initial loading for tripping strains of 0.002,0.006 and 0.014 
seem similar as the structural stiffness remains the same. However, the response deviated when 
approaching the ultimate failure load. The lower tripping strain (0.002) weakens earlier as many 
rupture elements trip and unload at lower structural loads. On the other hand, the loading 
increases to about 225N for a tripping strain of 0.014. This indicates that the tripping strain also 
plays an important role in the failure response. A wider range of tripping strains has been stud- 
ied. Their effect on the ultimate failure load and process zone length at two levels of fracture 
energy are shown in Figure 6-19. 
Between tripping strains of 0.002 to 0.005, the ultimate failure load increased up to a plateau 
level corresponding to the decrease of the average process zone length from about 3.5mm to 
0.5mm for a fracture energy of 150J/m2. Large PZL at low tripping strains is directly indicative 
of the greater damage that occurred. This reduced the structural stiffness and ultimate failure 
load as depicted in Figure 6-18. The PZL reduced when higher tripping s trains were used. 
Within the plateau region (0.005 to 0.012) in Figure 6-19, the ultimate failure seems to be unaf- 
fected by the tripping strain. However, increasing the fracture energy increased the predicted 
failure load and the range of the plateau region. The PZL within this region is greater than a 
single element length (le). This region is referred to as the energy dominated region. This pla- 
teau region is close to the LEFM solution, as shown in Figure 6-17. Beyond this region, the ulti- 
mate failure load increased linearly with tripping strain and remained insensitive to the fracture 
energy used. This is indicated at a tripping strain of 0.018 where the predicted failure loads were 
the same at both fracture energies and the PZL corresponding to this region is less than a single 
element length (le). This region is named the strain dominated region because the failure pre- 
diction is controlled solely by the tripping strain and the results deviate from LEFM. So, as long 
as the rupture element operates within the energy dominated region with a reasonable PZL, it 
will give results close to the LEFM solution. This shows that both the fracture energy and trip- 
ping strain are parameters that need calibration in order to give good predicted results. 
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6.4 Conclusions 
The development of the rupture element was presented; both the detailed formulation 
(Section 6.1 on page 155) and the integration into ABAQUS user subroutine coding 
(Section 6.2.1 on page 161). The three noded rupture element uses the strain measured from the 
continuum to trigger the damage at the crack tip and subsequently weakens within the process 
zone. This rupture element can be integrated into four noded quadrilateral continuum elements 
to model crack propagation. The formulation of the separation law has been shown to operate 
both in pure modes or mixed modes loading using simple benchmark models. Three simple 
benchmark models w ere used tov eri fy the implementation of the algorithms mentioned in 
Section 6.2.2. 
The rupture element is also used to model cohesive failure along a predefined crack path in the 
compact tension specimen. The results obtained from a single analysis showed good correlation 
with the analytical solution and also the experimental data obtained from a previous study. Stud- 
ies have been carried out to understand the controlling fracture parameters that influence the 
overall solution. It was found that the fracture energy and tripping strain must be calibrated so 
that the fracture parameters used ensure the rupture element operates within the energy domi- 
nated region. In the next chapter, the rupture element is used to model the mixed mode behav- 
iour of MMF and NCA with calibrated fracture energy and tripping strain that are functions of 
interfacial moisture concentration. Furthermore, the calibrated fracture parameters are used to 
model the progressive damage of other environmentally degraded test specimens from the pub- 
lished literature (Chapter 8). 
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CHAPTER 
7 
CALIBRATION OF THE RUPTURE ELEMENT 
FRACTURE PARAMETERS 
The rupture element developed in the previous chapter was applied in the MMF and NCA test 
configurations. Unlike the continuum failure in the compact tension specimen in the previous 
chapter, interfacial debonding was modelled using the moisture dependent interfacial fracture 
parameters, namely the fracture energy and the tripping strain. The work presented covers the 
application of the rupture element in a mixed mode condition, calibration of tripping strain (sTS) 
at range of moisture concentrations using MMF. 
Then, the calibrated fracture parameters were 
used in predicting the NCA tests and other joints 
(Chapter 8) that have a similar adhesive/sub- 
strate interface. Modelling was carried out both neglecting and including residual strains. In 
the following sections, data are presented for various levels of interfacial moisture concen- 
tration. The levels have been expressed in terms of equilibrium saturation c, 6=7.60%mwt. 
7.1 FE Modelling of MMF with Rupture Elements 
The description and test results of the MMF test configuration have been covered in Section 3.6 
on page 95. A FE model was generated to predict the progressive damage of the MMF using 
both continuum and rupture elements. This FE model 
is shown in Figure 7-1. Based on the 
experimental observation of the failure location 
in Figure 4-1 on page 114, a predefined crack 
path was generated along the interface 
between the upper substrate (steel) and the adhesive 
(AV 119). This crack path had an initial precrack of 20mm. Multiple rupture elements were 
introduced along the crack path with their node 3 attached to the upper substrate and node 1 and 
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node 2 attached to the adhesive layer. The mesh was generated using the four noded quadrilat- 
eral elements with refinement along the interface. The maximum and minimum element sizes 
used were 2x2 mm and 0.25x0.1 mm. The distance between rupture elements was kept constant 
at 0.25mm. The steel elastic modulus and Poisson's ratio of 207GPa and 0.33 respectively were 
used for both steel substrates. The moisture dependent elastic modulus of AV 119, as shown in 
Figure 3-20 on page 81, was specified for the adhesive layer. This allowed the elastic modulus 
to vary across the adhesive thickness based on the moisture distribution. The moisture distribu- 
tion was determined in a separate FE analysis of the open faced specimen and then input as a 
predefined field variable or nodal temperature into the mechanical analysis. This method is sim- 
ilar to the one mentioned in Section 5.1 on page 128. The model was completed with appropri- 
ate boundary conditions applied at both ends of the specimen and a displacement control 
loading was applied at the mid span as shown in Figure 7-1. A value of 1x10-8 was used for the 
damping factor (ß) in the stabilise process (see page 169). 
Figure 7-1. MMF finite element model with a predefined crack path along the interface of the upper substrate and 
the adhesive. The close up view shows the mesh refinement. The spacing of the rupture element is constant at 
0.25mm. 
The fracture energy defined for the rupture elements were determined by the moisture concen- 
tration at the interface. This was achieved from an equation that fitted the variation of fracture 
energy with interfacial moisture concentration obtained from Figure 5-22 on page 145. The 
curve obtained for this fracture energy is shown 
in Figure 7-2. This fitting equation was coded 
in the rupture element subroutine where the moisture concentration at the interface was used as 
a predefined field variable (PREDEF) to determine the fracture energy. This allowed the frac- 
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ture energy to be controlled by the moisture profile. A range of tripping strains (ETS) at specific 
fracture energies were calibrated to ensure the failure response was within the energy dominated 
region. This work is covered later in Section 7.1.1. The result from the analysis of an unde- 
graded MMF specimen has been selected for discussion here. 
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Figure 7-2. Interfacial moisture dependent fracture energy of steel/AV 119 interface. 
The undegraded MMF was analysed. Interfacial fracture energy of 743J/m2 and a tripping strain 
(CTS) of 0.03, corresponding to a dry joint, were specified. The applied displacement at the mid 
span oft he specimen 1 oaded the specimen 1 inearly as shown in Figure 7-3. The 1 oad peak 
occurred at about 2.5kN and, subsequently, the crack grew at a high rate for about 5mm accom- 
panied by a sharp drop in the load. This crack growth was unstable because the stress and strain 
field at the crack tip increased within this 5mm of crack length for a fixed displacement applied 
at mid span. This behaviour was also observed in the experiments where the first crack length 
measured was generally more than 25mm as shown in Figure 3-45 on page 104. Between crack 
lengths of 25mm to 35mm, the rate of crack growth reduced with gradual drop of load. Beyond 
this, the load applied increased slowly with increasing crack length. This was because more dis- 
placement was needed to strain the adhesive and increase the crack opening when the crack 
length approached the mid span of the specimen. The specimen became a simple beam when 
the crack growth passed the mid span position and the rate of crack growth was very slow. This 
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was where the slope of the crack length curve flattened out. The deformation plots of the MMF 
specimens for different crack lengths are shown in Figure 7-4. These plots were obtained at dif- 
ferent time steps showing the stress concentration moves together with the crack extension 
along the interface. 
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Figure 7-3. The force-displacement and crack growth response of the undegraded MMF specimen obtained from 
single finite element analysis with the use of rupture elements. 
Figure 7-4. Typical stress (022) distribution and deformation plot of undegraded MMF specimen for increasing 
crack length (top to bottom). The results were obtained from a single analysis. 
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The stress (622) distribution along the crack path is shown in Figure 7-5. The figure shows the 
shifting of the stress field as the crack extends towards the mid span. The principal strains devel- 
oped around the crack for the progressive damage along the interface are illustrated in Figure 7- 
6 where higher strains, corresponding to higher stress, were developed at the crack tip. These 
analysis results were obtained from a single analysis simulating the interfacial failure of the 
MW specimen. 
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Figure 7-5. The shifting of stress distribution (r22) along the crack path as the crack extends for undegraded 
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Figure 7-6. Contour plot ul pnncipal strain at the crack tip for increasing crack length. 
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Figure 7-7. Force-nondimensional separation parameter (A. ) obtained from one of the elements in the MMF 
model. 
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Figure 7-8. Force-displacement response for each component of the rupture element. 
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Each of the rupture elements in the MMF model behaved exactly as the required behaviour 
shown in Figure 6-2 on page 156. The typical response of the rupture element is shown in 
Figure 7-7 where the rupture element force, F(a, ), varied with the nondimensional A,, which is 
defined in Equation (6-1) on page 157. The rupture element was loaded linearly to the tripping 
force, F,,, which was controlled by the tripping strain (CTS) and linearly unloaded until released 
as expected. Similarly, the rupture element force-displacement response for each direction of 
separation is shown in Figure 7-8. The mixed mode is clearly seen where both components of 
forces, F and F,, were taken into account in Equation (6-5) to Equation (6-7) on page 158. The 
contributions of these forces are related to F(A. ) using Equation (6-15) on page 159. The sum of 
the work done by each component is equal to the total work done, E. This is related to the frac- 
ture energy, G, in Equation (6-12) on page 159. The work done in each mode is dependent on 
the behaviour of the separation and is not predefined. 
end of predefined crack path interface crack faces penetrate each other crack tip 
Figure 7-9. Principal strain distribution across the MMF modelled without taking into account of mode II 
component. 
Early attempts were made to remove mode II contribution to model the response of MMF. 
These failed because the absence of mode II eliminated the shear force transfer across the inter- 
face. The crack faces of the interface penetrated each other due to their relative displacement in 
the horizontal direction and no crack propagation was observed. The shear force that was sup- 
posed to act over the interface crack path was transferred to the end of the predefined crack path 
where there was complete connectivity between the adhesive and the upper substrate. The prin- 
cipal strain plot from this model is shown in Figure 7-9 where the high strains developed at the 
end of the predefined crack path can be clearly seen. This clearly shows the importance of using 
mixed modes in modelling interfacial failure in bi-material system. 
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7.1.1 Calibration of Tripping Strain 
The calibrations of tripping strains for MMF specimen were carried out on both neglecting and 
including residual strains separately. The analyses, including the residual strains, required addi- 
tional steps to incorporate the thermal contraction and swelling response as discussed in 
Chapter 5. 
7.1.1.1 Neglecting Residual Strains 
The rupture element has two important fracture parameters that directly affect the response of 
the structure. These fracture parameters are the fracture energy and tripping strain, as discussed 
in Section 6.3.3 on page 171 where a series of analyses have been carried out to study the effect 
on the compact tension model. Similar calibration work was also undertaken here. The moisture 
dependent fracture energy of the rupture elements were defined based on the moisture distribu- 
tion across the adhesive. The moisture distribution was obtained first by solving the diffusion 
problem of the open-faced specimen using the dual stage Fickian diffusion parameters for 
0.8mm thick listed in Table 3-4 on page 72. A typical moisture distribution plot is shown in 
Figure 7-10. The nodal concentrations were used to calculate the fracture energy for the rupture 
element and the varying elastic modulus across the adhesive layer. This leaves the tripping 
strain as the independent parameter. A series of simulations have been carried out at five levels 
of moisture exposure selected from Table 3-8 on page 105 for a range of tripping strain. The 
maximum load sustainable by the MMF at particular tripping strain was recorded. The results 
of these analyses are shown in Figure 7-11. 
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Figure 7-10. Typical moisture distribution across the adhesive layer after exposure to 95.8%RH/50°C for 14.4 
hours using dual stage Fickian diffusion. 
The results showed a similar trend to Figure 6-19 on page 176. The predicted failure load seems 
relatively insensitive within a certain range of tripping strain. This range has been named the 
Interface 
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energy dominated region. In this region, the predicted failure load is controlled mainly by the 
fracture energy. The process zone length also varies with tripping strain, as seen earlier in 
Figure 6-19 on page 176. It was again found that when the PZL is greater than the distance isa, 
which is the distance between adjacent rupture elements, the predicted failure load is relatively 
insensitive to tripping strain used. This coincides with the energy dominated region. 
The range of this energy dominated region is dependent on the mesh size used. Figure 7-12 
shows the effect of mesh and tripping strain on the energy dominated region. The smaller mesh 
(le 0.0625mm) gave a greater range of tripping strain to remain within the energy dominated 
region compared to coarser mesh. This is because smaller PZL can be modelled with smaller 
mesh. The failure loads obtained from both mesh sizes within the respective energy dominated 
regions were the same. This shows that the analysis was independent of mesh size, as long as 
the PZL is greater than the distance M. This ensures the analysis remains in the energy domi- 
nated region. Beyond this energy dominated region, the predicted failure load increases linearly 
with the tripping strain. This region has been named strain dominated region. The slope of the 
linear relationship is proportional to the average elastic modulus in the adhesive. The maximum 
tripping strain that limits the energy dominated region reduces with decreasing fracture energy 
and increases with finer mesh as shown in Figure 7-11 and Figure 7-12 respectively. 
Near fracture mechanics solution can be obtained when the PZL is equal to Aa, which is based 
on the definition of virtual crack closure where the energy released is over a crack length of ta. 
With huge process zone lengths, which correspond to very small tripping strains, the fracture 
mechanics solution is not obtained and it is necessary to increase the fracture energy to obtain 
the same predicted failure load. What happened is that the shape of the peak noted in Figure 7- 
3 is rounded as the process zone develops and the maximum load is reduced. This was also 
noted in Figure 6-18 on page 176 for compact tension specimen. Hence, it is necessary to 
choose the tripping strain within the energy dominated region to give a good correlation with 
the experimental data. The dotted line shown in Figure 7-11 is the calibrated tripping strain used 
for each level of moisture concentration or fracture energy. This applies to the situation where 
adhesive residual strains are neglected. 
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Figure 7-11. Tripping strain calibration curve for MMF specimen at different levels of moisture concentration 
(neglecting residual strains). 
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Figure 7-12. Effect of mesh size on the energy dominated region. The predicted failure load within the energy 
dominated region is mesh independence. 
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7.1.1.2 Including Residual Strains 
Residual strain plays an important role in durability [56]. The modelling above was repeated to 
calibrate the tripping strain taking the residual strains into account. The approach to incorporate 
the thermal and swelling strains has been presented in Chapter 5 where the analyses were sep- 
arated into a number of consecutive steps. The tripping strain definition given in Equation (6- 
18) on page 161 has the characteristic length (le) redefined as in Equation (7-1). This is because 
the residual strain of the adhesive changes the reference state of the rupture element. Combining 
Equation (6-18) on page 161 with Equation (7-1) gives a crude definition of the actual mechan- 
ical strain generated around the crack tip when including residual strains. It is also assumed that 
the interfacial failure was mainly driven by the mechanical and not the total strain (including 
residual). 
le = le( 1+ Esxelling + Ethermal) 
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Figure 7-13. Tripping strain calibration curve for MMF including the thermal and swelling effect. 
(7-1) 
The tripping strain calibration curves including residual strain is shown in Figure 7-13. There 
are significant differences between the calibration curves obtained neglecting and including 
I. - m. 
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residual strains. The thermal loading generated tensile strains in the adhesive and less straining 
was needed from the mechanical loading to induce crack propagation. The maximum tripping 
strain before entering the strain dominated region for the dry specimen was approximately 0.03. 
This is about 0.01 less than the results obtained neglecting residual strains shown in Figure 7- 
11. On the other hand, the swelling counters the thermal effect and can produce compression in 
the adhesive. This required more strain from mechanical loading to induce crack extension. The 
lowest tripping strain investigated for an interfacial moisture concentration of 0.974cß (the wet- 
test) was around 0.02. This minimum value ensured that no debonding occurred during the 
swelling process. The energy dominated regions were clearly seen and a set of calibrated trip- 
ping strains within this region which give good prediction of the experimental failure load were 
selected for all levels of moisture concentration considered. The calibrated tripping strain is 
drawn as a dashed line in Figure 7-13. This calibrated tripping strain was used to predict other 
joints where residual strains were taken into account. 
7.1.1.3 Moisture Dependent Tripping Strain 
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Figure 7-14. Calibrated moisture dependent tripping strain for the rupture element for both neglecting and 
including residual strains. 
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From the above analyses, the variation of the calibrated tripping strains with interfacial moisture 
concentration (both neglecting and including residual strains) are shown in Figure 7-14. The 
tripping strain reduced exponentially with interfacial moisture concentration when the residual 
strains were neglected. However, when the residual strains were included, the tripping strain ini- 
tially reduced and then increased as moisture concentration increased. These moisture depen- 
dent tripping strains together with the moisture dependent fracture energy formed the fracture 
parameters for modelling progressive damage at an interface degraded by moisture. 
7.1.2 Failure Prediction of MMF 
The calibrated tripping strains together with the fracture energy were expressed as functions of 
interfacial moisture concentration. These expressions were coded in the rupture element sub- 
routine. Each time this routine was called, the tripping strain and fracture energy were calcu- 
lated based on the interfacial moisture concentration at the predefined crack path. This is useful 
when it is used in adhesively bonded joints where the moisture distribution varies continuously 
along the interface. The failure response of MMF was modelled both neglecting and including 
residual strains for each level of moisture. 
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Figure 7-15. Loading history predicted using the calibrated fracture parameters for different levels of degradation 
neglecting residual strains. 
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A typical loading history for the range of interfacial moisture concentrations is shown in 
Figure 7-15. The figure shows the reduction of peak load as the moisture concentration 
increased. The results showing the failure load at each crack length are depicted in Figure 7-16. 
All lines shown are predicted results (from a single analysis for each interfacial moisture con- 
centration). The results show good correlation with the experimental results. These analyses 
used the calibrated data based on results at a crack length of 20mm. As can be seen they gave 
good predictions for the remaining crack lengths. The prediction was also carried out taking 
residual strains into account. The failure loads for a range of crack lengths are shown in 
Figure 7-17. It is noted that including thermal and swelling effects did not improve the quality 
of the predicted failure response of the MMF specimen. The loading history obtained was about 
the same as Figure 7-15. 
The derived fracture parameters provide good prediction of the failure response of the MMF 
tests. Models both neglecting and including residual strains have been calibrated separately and 
both were used independently with the fracture energy to model non-calibrated test data. Next, 
these same fracture parameters (obtained from MMF calibration) were utilised to predict the 
failure response of NCA test configuration. 
2.5 
_, 2.0 z jig 
a" 
1.5 
w 
J6 
1.0 
TTTT- 
interfacial moisture concentration 
" 0.0000c 
"o0.0041 c 
A 0.0853c 
"v0.3248c OA0.3981c 
O" it 0.5719c. 
AO"*0.9735cß 
p""c 
=7.60%mwt 
A 
v- `Iý A 
0.5 $ 
15 20 25 30 35 40 45 50 
Crack Length, a (mm) 
Figure 7-16. Predicted failure load of MMF specimens using the calibrated fracture parameters (neglecting 
residual strains). 
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Figure 7-17. Predicted failure load of MMF specimens using the calibrated fracture parameters (including 
residual strains). 
7.2 FE Modelling and Failure Prediction of NCA 
The Notched Coating Adhesion (NCA) test has been described in Section 3.6 on page 95. The 
critical strain that initiated the debonding process was recorded for a range of moisture exposure 
(as listed in Table 3-9 on page 108) and plotted against the interfacial moisture concentration in 
Figure 3-50. 
Although the NCA test is three dimensional, reasonable results can be obtained using a two 
dimensional model with the rupture elements. The progressive damage model for NCA is 
shown inF igure 7-18. Ap redefined c rack path w as g enerated along the a dhesive/substrate 
interface. Two meshes were generated using plane strain (CPE4) and plane stress (CPS4) 
respectively to model the progressive failure of the NCA test. A precrack of 2.5mm was speci- 
fied and the rest of the crack path was connected with rupture elements. Appropriate boundary 
conditions were applied on the line of symmetry and a displacement loading was applied on the 
other end. Steel properties (elastic modulus of 207GPa and Poisson's ratio of 0.33) were used 
7.2 FE Modelling and Failure Prediction of NCA 193 
University of Surrey Chapter 7: Calibration of the Rupture Element Fracture Parameters 
for the substrate whereas moisture dependent mechanical properties were used for the adhesive. 
The moisture profiles of the adhesive layer exposed using the open-faced approach were 
obtained in the same way as the MMF specimen, described more fully in Section 5.2 on 
page 130. These moisture profiles controlled the variation of the mechanical properties across 
the thickness of the adhesive and the moisture dependent fracture parameters at the interface, as 
shown in Figure 7-2 and Figure 7-14 for the fracture energy and tripping strain respectively. A 
same value of 1x 10-8 was used for the damping factor (ß) in the stabilise process (see page 169). 
A 
y 
Figure 7-18. Failure prediction FE model of NCA. 
(a) (b) 
Figure 7-19. (a) Deformation plot of progressive debonding of NCA for 0.42c00 interfacial moisture 
concentration. (b) peel stress (ß22) distribution about the crack tip as the crack progresses (top to bottom). 
7.2.1 Neglecting Residual Strains 
The analyses were carried out for the range of exposures listed in Table 3-9 on page 108 using 
both plane strain and plane stress elements. Progressive debonding of the adhesive layer was 
observed for all cases. Typical deformation plots of the NCA at different crack extensions for 
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0.42c, interfacial moisture concentration are shown in Figure 7-19(a). The peel stresses (a22) 
developed at the crack tip at the different crack lengths are shown in Figure 7-19(b). The peel 
stress profile moved as the crack length extended as shown in Figure 7-20. The rupture element 
unloaded within the process zone after the peel stress peaked at about 34MPa (controlled by the 
tripping strain). The applied strain at which the debonding occurs is shown in Figure 7-21. In 
all cases, the debonding initiated at a lower strain and increased up to a constant value of strain 
at which point the crack propagated rapidly along the crack path. The initiation of crack propa- 
gation at a lower applied strain was due to the hydrostatic pressure developed in the continuum 
that triggered the debonding of the first few rupture elements. After a small crack extension, the 
crack propagates rapidly. This rapid propagation is attributed to the constant strain energy 
release rate (SERR) with crack length [110]. 
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Figure 7-20. Progressive peel stress (a22) distribution along the crack path for the plane strain model for a 
moisture concentration of 0.42c, ß (t1<t2<t3)" 
A similar response was observed for the plane stress elements as shown in Figure 7-22, with 
slightly higher strains causing debonding. The plane stress model gave a higher debonding 
strain than the plane strain one because the fracture energy calculated using LEFM for plane 
stress is relatively lower than for plane strain for same applied strain (see Table 5-4 on 
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page 152). This means that the plane stress model required higher applied strain in order to dis- 
sipate the same amount of SERR demanded by the rupture element. 
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Figure 7-21. Predicted critical strains using plane strain assumption 
for the NCA test (neglecting residual 
strains). 
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Figure 7-22. Predicted critical strains using plane stress assumption for the NCA test (neglecting residual 
strains). 
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The critical strain can be estimated by averaging the debonding strain in the initiation region. 
This can be compared to the experiment where the strain was recorded just before the debonding 
started. Figure 7-23 shows the average predicted debonding strain for both plane strain and 
plane stress obtained using the rupture element compared with the experimental results as a 
function of interfacial moisture concentration. It is clear that the predicted results for both plane 
strain and plane stress gave a good correlation even though the fracture parameters were 
obtained from a different specimen type (MMF). The plane strain results correlated more 
closely to the experimental data because the fracture energy calculated using plane strain com- 
pares well with the MMF data except at 0.6cß moisture concentration, where the fracture energy 
of MMF is higher than the NCA (see Table 5-4 on page 152). The fracture energies calculated 
using plane stress were a little lower and hence higher critical strains were predicted. The results 
can be improved by using the fracture energy of NCA but the results obtained are very reason- 
able. 
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Figure 7-23. Predicted critical strains of NCA as a function of interfacial moisture concentration (neglecting 
residual strains). 
7.2 FE Modelling and Failure Prediction of NCA 197 
University of Surrey Chapter 7: Calibration of the Rupture Element Fracture Parameters 
7.2.2 Including Residual Strains 
The prediction was extended to include residual strains. The fracture energy used was based on 
data from the MMF tests. The moisture dependent tripping strain determined by including resid- 
ual strains (as shown in Figure 7-14) was used. The contraction of adhesive due to curing 
caused the crack tip to open whereas the swelling of the adhesive closed the crack tip as depicted 
in Figure 7-24. Two contact surfaces were defined to avoid the adhesive elements penetrating 
the substrate. The resulting debonding strain as a function of crack length is shown in Figure 7- 
25. The figure is similar to those seen earlier except higher debonding strains were noted at 
higher interfacial moisture concentrations (0.42cß and 0.59cß). This is because of the difference 
in fracture energy obtained from MMF and NCA, see Table 5-1 on page 145 and Table 5-4 on 
page 152 respectively. 
(a) 
t{ l' 
+ 
(b) 
Figure 7-24. Crack opening and closure due to (a) thermal contraction and (b) swelling expansion respectively. 
The critical strains obtained from averaging the initiation region were compared to the experi- 
mental data as shown in Figure 7-26. It is clear that the prediction at higher interfacial moisture 
concentrations deviates from the experimental results, increasing at higher moisture concentra- 
tions. The results shows significant improvement when the moisture dependent fracture energy 
of the NCA were used in the rupture elements to predict the response of the debonding, also 
shown in Figure 7-26. This indicates that the difference of fracture energy can alter the pre- 
dicted results. Furthermore, the NCA test is a three dimensional problem in nature Section 5.6.2 
7.2 FE Modelling and Failure Prediction of NCA 198 
University of Surrey 
on page 146. The fracture parameters of MMF are satisfactory and sufficient to use on other two 
dimensional models of bonded joints where plane strain assumption normally applies. 
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Figure 7-25. Predicted critical strains using plane stress assumption (including residual strains). 
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Figure 7-26. Predicted critical strains of NCA as a function of interfacial moisture concentration (including 
residual strains). 
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7.3 Conclusions 
The rupture element developed in Chapter 6 has been incorporated into the MMF model. The 
mixed mode behaviour of the rupture element followed the separation law specified. The pro- 
gressive damage along the interface of the MMF joint has been obtained from a single analysis. 
It was found that both mode I and mode II are important and must be taken into account in mod- 
elling interfacial failure. A smaller mesh size was considered and the results showed that pre- 
diction was mesh independent as long as the tripping strain used, ensured the analysis remained 
in the energy dominated region. The tripping strain at different levels of moisture concentration, 
both neglecting and including residual strains, were calibrated and incorporated into the rupture 
element along with the moisture dependent fracture energy. These provided the moisture depen- 
dent fracture parameters for the rupture element. These fracture parameters gave excellent pre- 
diction of the experimental results of the MMF test configuration. 
The fracture parameters calibrated from the MMF tests were used to predict the critical debond- 
ing strains of the NCA tests. Both plane stress and plane strain were considered and both gave 
good correlation to the experimental data when the residual strains were neglected. The debond- 
ing response of the NCA test had a short period of stable crack growth with slightly increasing 
strains followed by rapid growth at a critical strain level. This reflects the observed experimental 
response. When the residual strains were included, improved prediction results were obtained 
using the fracture energy of the NCA tests in the analyses compared to the MMF fracture 
energy. This is due to the difference in fracture energy of the NCA and MMF. The difference is 
understandable as the NCA test configuration is neither a plane strain nor a plane stress prob- 
lem. 
In the next chapter, the rupture element was used to predict the response of other joints with sim- 
ilar interfaces, using the calibrated moisture dependent fracture parameters derived from the 
MMF tests. Expressing the fracture parameters in terms of moisture concentration allows the 
use of the rupture elements in situations where there is a moisture profile throughout the adhe- 
sive layer. 
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CHAPTER 
8 
FAILURE PREDICTION OF OTHER TEST 
CONFIGURATIONS 
Following the successful prediction of the failure response of the MMF and the NCA test con- 
figurations in Chapter 7 using the rupture element, other test configurations of same adhesive/ 
substrate system have been selected for consideration. These test configurations are the thick 
adherend lap shear test (TAST) and the single lap joint (SLJ). These already have long term 
durability data published in [14] and [72] respectively. The same moisture dependent fracture 
parameters calibrated in previous chapter were used to predict the response of these joints. The 
effect of the rate of diffusion and residual strains were investigated. Moisture dependent linear 
elastic continuum behaviour was assumed in all the modelling work presented. 
8.1 Thick Adherend Lap Shear Joints 
E 
E 
E 
E 
ö 
°W 1utn-LJ mm 
Figure 8-1. Schematic drawing of the thick adherend lap shear test specimen. 
The durability study carried out by Knox et al. [14] using the thick adherend lap shear test 
(TAST) joint, as shown in Figure 8-l, has been selected to assess the methodology. The same 
adhesive and substrate system were also used for these joints. The steel substrates were shot 
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blasted and then degreased with acetone prior to adhesive application. The thickness of the 
adhesive was controlled using wire of 0.5mm diameter outside the lap length of 15mm. The 
joints were cured at 180°C for 20 minutes. The fillets at the lap ends were removed after curing. 
The joints were aged at 30°C in 100%RH using a proprietary environmental cabinet. The tests 
were carried out at a constant crosshead speed of 0.5mm/min and at ambient temperature on an 
Instron test machine. Two specimens were tested every 2 weeks for a duration of 12 weeks. The 
ultimate failure load of the joints were recorded for each tests. After testing, the nature and 
topography of the fracture surfaces were examined visually and it was found that interfacial fail- 
ure occurred in all cases. The unaged fracture surface showed ragged edges left on the adhesive 
as shown in Figure 8-2(a). On the other hand, the aged fracture surface showed smooth clean 
edges with a moisture diffusion front observed close to the exposed surfaces as shown in 
Figure 8-2(b). This failure surface was attributed mainly to the weakening of the interface. 
(J 
(h) 
Figure 8-2. Typical failure surface of (a) unaged (b) aged AV 119-bonded steel lap shear joint [ 14]. 
8.1.1 Finite Element Model 
The two dimensional half FE model of the thick adherend lap shear joint shown in Figure 8-3 
was used to predict the ultimate failure load of the joints after exposure to moisture. Rotational 
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symmetry was applied along the line of symmetry and debonding is assumed to be the same 
from both ends of the lap region. The mesh was generated using four noded quadrilateral ele- 
ments with maximum and minimum element sizes of 2mm and 0.0625mm respectively. These 
sizes ensure that the FE solution remains with in the energy dominated region (Figure 7-12). 
The mixed mode rupture element was introduced to connect the crack path with nodes 1 and 2 
attached to the adhesive layer and node 3 on the steel substrate. The mechanical properties of 
steel were used for the substrate and moisture dependent mechanical properties of AV 119 were 
prescribed for the adhesive layer. The specimen was loaded in displacement control. A value of 
Ix 10-9 was used for the damping factor (fl) in the stabilise process (see page 169) 
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Figure 9-3. (a) Finite element mesh of thick adherend lap shear joint; (b) Mesh refinement in the adhesive layer; 
(c) Deformation plot of the joint with crack extension. 
The degradation was governed by the moisture uptake behaviour. Fickian diffusion was used to 
obtain the moisture profiles across the overlap length. As the diffusion path is longer, standard 
Fickian diffusion was used for the moisture uptake. This is justified from the experiment in 
Section 3.3.3 on page 66. The edges of the adhesive exposed to moisture were assumed instan- 
taneously saturated. The diffusion coefficients used to model of the different rate of degradation 
at 30°C and 10O%RH are listed in Table 8-1. The diffusion scheme TST1 was selected based on 
the uptake performance of bulk adhesive in water at 50°C (see Table 3-3 on page 67) where the 
maximum saturation was assumed to be 7.6%mwt. The TST2 scheme was rather arbitrary; a 
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lower diffusion coefficient was used to compare with TST1. The TST3 scheme was obtained 
based on previous moisture uptake work on bulk AV 119 adhesive submerged in water at room 
temperature [47]. Hence, the TST3 scheme most resembles the ageing environment of 30°C 
100%RH which was used to age the TAST joint. A range of exposure times was considered with 
these schemes to model the durability of the joint after exposure to a moist environment. 
Table 8-1. Diffusion coefficient used to model the degradation of the thick adherend lap shear test (TAST) 
Diffusion scheme Saturation level Diffusion Coefficient, D (m2/s) 
TSTI 1 19.0 x 10-14 
TST2 1 5.0 x 10-14 
TST3" 0.67 2.9 x 10-14 
* The most realistic diffusion scheme; the others just enable the effect of diffusion parameters to be seen 
8.1.2 Failure Prediction Results 
The prediction was carried out both neglecting and including residual strains. The results are 
presented in two different subsections. 
8.1.2.1 Neglecting Residual Strains 
The diffusion schemes listed in Table 8-1 were used over the range of exposure times to dem- 
onstrate the effect of the rate of degradation. The experimental results and the predicted ultimate 
failure loads for each scheme are plotted against the exposure time in Figure 8-4. The predicted 
failure load for dry joint correlates closely with the experiment failure load of 19.5kN. The 
figure also shows that the predicted results, especially the TST3 scheme, showed good agree- 
ment with the experimental results for the range exposure times considered. The results show a 
faster degradation when a higher diffusion coefficient was used. Although the rates of degrada- 
tion were different, a residual strength of about 5 to 6 kN was reached after the joint had been 
exposed for 2,000 days. The different diffusion schemes control the time of saturation and a sig- 
nificant amount of time is required to obtain a fully saturated condition, as shown in Figure 8- 
5. This is because of the long diffusion path (7.5mm). However, even though the joint does not 
reach saturation, the bond strength has already reduced by about 70% after exposure for more 
than 2,000 days (Figure 8-4). This suggests that the joint is nearly fully degraded well before it 
is fully saturated. 
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Figure 8-4. Predicted ultimate failure load of the TAST joint using the different schemes listed in Table 8-1. The 
experimental results were obtained from [14]. 
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Figure 8-5. Moisture uptake of the adhesive layer in the TAST joint, modelled using Fickian diffusion. 
The ultimate failure load of an undegraded joint compared exceptionally well with the experi- 
mental results. The loading history of an undegraded and an exposed joint are shown in 
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Figure 8-6. The undegraded specimen load increased linearly with applied displacement and 
peaked at about 19.5kN. Then, the load dropped with rapid crack propagation from about 0.2 to 
5.8mm along the interface. 
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Figure 8-6. The predicted loading history and crack propagation of an undegraded TAST specimen and after 
exposure to a moist environment for 42 days (TST3). 
The failure response was unstable as indicated by the slope of the crack length curve. The reduc- 
tion of load was not as significant as the reduction in bonded area. The changes of shear stress 
distribution as crack length increased are shown in Figure 8-7. This figure shows the shear stress 
obtained along the centre of bondline and along the interface at different crack extensions. The 
stress concentration developed around the crack tip moved as the crack extended as depicted in 
Figure 8-7 and Figure 8-8. The reduction of the load as the crack propagated is not significant 
even when the crack almost reached the centre of the lap region. The imbalance of load transfer 
across the lap region (product of average shear stress and lap area) and the applied load leads to 
catastrophic failure and dynamic effects. This unstable problem has been solved using the auto- 
matic stabiliser function of ABAQUS by imposing viscous forces into the system equations. 
The viscous forces generated by high nodal velocities prevented the reduction of the load bear- 
ing of the joint. However, it is important to stress that the viscous forces did not affects the load- 
ing response and the ultimate failure load. Nevertheless, the nature of failure of this type of joint 
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is catastrophic and inertia effects can arise where part of the strain energy is released in a form 
of kinetic energy (88] 
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Contour plots of the moisture distribution in the adhesive layer after exposure to moisture for 
42 days are shown in Figure 8-9 As expected, the figures show that TST I had a greater pene- 
tration of moisture into the adhesive than TST2 and TST3. This led to a higher predicted deg- 
radation (Figure 8-4) The diffusion coefficient and the saturation level of TST3 are lower 
compared to TST2 This produced greater strength and durability at a given time. The reduced 
saturation level and diffusion coefficient have affected the minimum fracture energy and its dis- 
tribution on the interface (see Figure 7-2 on page 181). This accounts for the higher predicted 
strength when exposed for an extended periods of time. 
1 cif t V- M. 
U ký 
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Figure ? t-9. \1oi. i UC Jitnhutron Im le &t the adhesive layer exposed for 42 days. 
The predicted loading history of the TST3 joint exposed to moisture for 42 days is shown in 
Figure 8-6. The load increased nearly linearly with applied displacement and peaked at l4kN. 
Unlike the undegraded results, the crack extended, during the loading process, initially slowly 
through the weak interface and then rapidly when the joint reached the ultimate load. The 
change of stiffness of the joint was due to the weakening caused by the propagation of the crack 
along the degraded interface at an applied displacement of about 0.025mm. This initial weak- 
ening of joint was not noted in the undegraded joint as the interface strength was constant along 
the interface The shear stress distributions at a range of crack extensions are shown in Figure 8- 
10. The extension of the crack changed the shear stress distribution and this is directly related 
to the loading history observed in Figure 8-4. The lower average shear stress at a small crack 
length corresponds to the lower load of debonding. The average shear stress increased when the 
strength of the interface increased. As with the dry joint, the reduction of load after the ultimate 
load is small even when the crack extends nearly across the entire lap region. The light striations 
and cracks running across the adhesive at the middle region of the lap length, shown Figure 8- 
2(b), indicate that cohesive damage occurred This is attributed to the catastrophic failure [88]. 
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The predicted failure load of the TAST joint using TST3 neglecting the residual strainzs showed 
excellent correlation to the experimental data as shown in Figure 8-4. The residual strains could 
play an important role in the durability of joints and this is considered next. 
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8.1.2.2 Including Residual Strains 
Residual strains developed in joints can affect the durability. The most commonly found resid- 
ual strains in adhesively bonded joints are generated by the thermal mismatch of the bi-material 
system and the swelling caused by moisture absorption. These effects have been incorporated 
into the TAST joint The procedures for including both strains have been discussed in Chapter 
5 The same diffusion schemes listed in Table 8-1 were implemented for a range of exposure 
times The ultimate failure load for each scheme and exposure time were obtained using the FE 
model with the rupture elements. The calibrated moisture dependent tripping strain determined 
by in lading residual strains (see Figure 7-14 on page 190) were used as the fracture parame- 
ters for the rupture elements 
The predicted ultimate failure loads depicted in Figure 8-1 1 showed an initial decrease from 
19.5kN on exposure followed by strength recovery and eventually a gradual decrease in all 
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cases. TSTI showed the quickest recovery from 14.5kN to 22kN within 39 days of exposure. 
The model based on the TST3 scheme showed a similar reduction of bond strength which grad- 
ually diminished after 14 days. This was followed by a gradual strength recovery beyond 42 
days of exposure. However, the amount of recovery is somewhat lower than with TST1 and 
TST2. The strength recovery is very dependent on the rate of diffusion and the amount of swell- 
ing. The gradual reduction of the bond strength after the recovery will eventually reach the lim- 
iting residual strength close to value obtained neglecting residual strains. This is shown for 
TST1 in Figure 8-4 and Figure 8-11 respectively. Greater time scales are required for TST2 and 
TST3 because of the lower diffusion rates. The reason for these behaviours are discussed below. 
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Figure 8-11. Predicted ultimate failure load of the TAST joint using the different scheme listed in Table 8-1. The 
experimental results were obtained from [14]. 
There was an insignificant difference in the predicted failure load when neglecting or including 
residual strains for the undegraded joint. This is because the shrinkage strain of the curing pro- 
cess has very little effect on the residual stress developed, as shown in Figure 8-12(a). This can 
be compared to the compressive peel stress developed by the swelling for exposure times of 3 
days as indicated in Figure 8-12(b) for TSTI diffusion scheme. The area and the absolute value 
of compressive stress increased as the exposure time increased as indicated in Figure 8-12(b) 
and (c) for 3 and 42 days of exposure respectively. These are consistent with the increase of the 
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predicted failure load shown in Figure 8-11 for TST1. This contributed to the additional load 
required to overcome the compressive stress and to provide additional strain in the adhesive 
layer to induce crack opening and propagation using the rupture elements. 
The amount of compressive stress developed is dependent on the diffusion coefficient and the 
swelling c oefficient. The lower rate of recovery of the failure load observed inT ST2 was 
because the area of the compressive peel stress was less than TST1 after 42 days of exposure as 
indicated Figure 8-13(a). Nearly an equal amount of strength recovery was observed for TST2 
when the joint had been exposed for 168 days (see Figure 8-11). This is because a similar com- 
pressive stress had developed at the lap ends as indicated in Figure 8-13(b). This extended time 
required is due to the lower diffusion coefficient. TST3 predictions showed another trend of the 
strength recovery. The limited amount of compressive stress and bulging in TST3 at 42 days of 
exposure shown in Figure 8-13(c) was due to the lower moisture saturation level and diffusion 
rate (see Table 8-1). The reduced saturation level of TST3 limited the maximum amount of 
swelling and compressive stress as shown in Figure 8-13(d) for the same swelling coefficient. 
Hence, lower strength recovery was observed for TST3. However, the predicted results from 
TST3 still show great recovery compared to the experiment data. This is not surprising because 
the swelling coefficient at a low temperature (30°C) could have been lower than that used at 
50°C. In fact, this was supported experimentally in [72], where recovery only happened at 
higher temperatures (60°C and 70°C) in a single lap joint using the same adhesive and a greater 
swelling strain was measured at 60°C in [56]. Hence using a lower swelling coefficient could 
improve the predicted results still further. 
For the TST I scheme, after 42 days of exposure, the compressive region continued to expand 
further into the middle region and this caused the maximum compressive stress to reduce around 
the lap end region. The swelling at centre region of the lap length reduced the resistance to 
expansion as indicated in Figure 8-12(d) to (f) for exposure time of 168 days, 420 days and 2164 
days respectively. The gradual decrease of compressive stress was responsible for the gradual 
reduction of the predicted failure load, as depicted in Figure 8-11. The failure load reached a 
threshold value of about 5.5kN when the adhesive was close to saturation. This threshold value 
is close to the limiting value obtained from the analysis neglecting residual strains (see 
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Figure 8-4). The same reasoning applies to TST2 and TST3 for the gradual reduction of failure 
load over an extended time. 
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The loading history of TSTI after 42 days of exposure both neglecting and including residual 
. stralFrs 
is shown in Figure 8-14. The loading response neg/ectirngresidual strairns indicates that 
the loss of strength was due to the progressive crack propagation of up to 3mm at the interface 
prior to the ultimate failure at I lkN. However, when the residual strains were included, the 
compressive stress developed enhanced the strength and the stiffness of the joint as mentioned 
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earlier. The ultimate failure occurred as soon as the strain in the adhesive trips the rupture ele- 
ments to allow crack propagation along the interface. The crack propagation is highly unstable. 
This instability is normally found in such test configurations. 
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The single lap joint is the most common test method used to evaluate the strength of an adhesive 
joint following exposure to a hostile environment. Broughton et al. [72] have implemented a 
series of studies on steel/AV 119 durability using the single lap joint at different temperatures. 
The single lap joint used is shown schematically in Figure 8-15. The CR1 mild steel substrates 
were 100mm long and 25mm wide and were bonded with AV 119 adhesive. The lap length of 
the joint was 12.5mm. The substrates were degreased with acetone before and after the grit 
blasting treatment using 80/120 alumina. The bondline thickness of the adhesive was controlled 
using a small quantity of 250µm ballontini glass spheres (1% by weight) mixed with the adhe- 
sive. The joints were clamped and cured at 140°C for 75 minutes. End tabs were bonded at each 
end of the joint to reduce the rotation of the specimen when loaded. After curing, all fillets at 
the two lap end regions were completely removed. Batches of conditioned specimens were 
immersed in distilled water at 50°C and were withdrawn at selected intervals over a6 week 
period for testing. The tensile test was carried out under ambient conditions at a constant dis- 
placement rate of I mm/min and the ultimate failure load was recorded for each test. 
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Figure 8-15. Schematic drawing of the single lap joint (not to scale). 
8.2.1 Finite Element Model 
The finite element model of the single lap joint was generated for progressive damage analysis. 
The half mesh model was designed using four noded quadrilateral elements with mesh refine- 
ment around the lap region as shown in Figure 8-16(a) and (b) respectively. The maximum and 
minimum element sizes were 2mm and 0.0625mm respectively. A total of 4 rows of elements 
were generated across the 0.25mm thick adhesive layer. Rupture elements were introduced 
along the interface of the adhesive and the bottom substrate (Figure 8-16(c)). A rotational 
boundary condition was specified at the line of symmetry and displacement loading was speci- 
fied at the end tabs. It was assumed that the debonding is similar at both ends of the lap joint. 
The elastic modulus used for the substrate and the adhesive were steel and moisture dependent 
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mechanical properties of AV 119 (see Section 3.4 on page 76) respectively. The model was 
assumed linear elastic with geometric n onlinearity taken into account. Although the model 
exhibited plastic deformation in the substrate, this was neglected at this stage in the research. 
Rupture elements were used to bond the two surfaces along the predefined crack path. This can 
be seen in a deformed shaped of the partially cracked lap region in Figure 8-16(c). The fracture 
parameters used for the rupture elements were those obtained by calibration using the MMF 
specimens. These are shown in Figures 7-2 and 7-14 respectively. 
B 
(a) 
(b) (c) 
Figure 8-16. (a) Finite element mesh of single lap joint; (b) mesh refinement across the adhesive; (c) partially 
crack deformed model. 
The moisture diffused from one end of the lap region towards the line of symmetry. A single 
Fickian diffusion model was used. This is because the diffusion path is now long and the exper- 
imental data (Section 3.3 on page 62) indicates that standard Fickian response is valid for such 
lengths. Several diffusion schemes were used to model the degradation of the single lap joint as 
listed in Table 8-2. These include diffusion through the interface as well as the bulk region. This 
is to demonstrate that the rate of degradation can be governed by the diffusion of moisture. The 
interfacial diffusion coefficient was prescribed for the row of adhesive elements closest to the 
interface. The bulk diffusion coefficient was selected based on the diffusion results obtained in 
Table 3-3 on page 67 for immersion in water. The range of diffusion coefficients for the 
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immersed condition varies marginally with thickness. A diffusion coefficient of 19x10-14m2/s 
was selected as it fitted more closely the 2.0mm (long diffusion path) uptake using single Fick- 
ian diffusion. Higher diffusion rates have been defined at the interface. These might be attrib- 
uted to capillary diffusion and cathodic delamination when joints were exposed to a moist 
environment [54-56]. 
Table 8-2. Diffusion schemed used to model the degradation of the adhesive layer in the single lap joint 
Bulk Diffusion coefficient, Dbu[k Interfacial Diffusion coefficient, 
Diffusion Scheme (m /s) Dint 
axial 
(m /s) 
SUI 19.0 x 10' 19.0 x 10-14 
SU2 19.0x10-14 190.0x10-14 
SLJ3 19.0 x 10"14 380.0 x 10-14 
SU4 19.0 x 10-14 950.0 x 10"14 
8.2.2 Failure Prediction Results 
The failure prediction was carried out for a range of selected exposure times using the diffusion 
schemes listed in Table 8-2. The ultimate failure load of the joint obtained from the experimen- 
tal results [72] and the FE analyses are plotted in Figure 8-17. The figure shows that the pre- 
dicted failure loads did not correlate well with the experimental results. This is probably due to 
the absence of plasticity in the steel substrates. If included, this would allow more bending of 
the substrates and straining of the adhesive. This directly affects the failure responses. In spite 
of this drawback, the trend of the degradation of the first scheme (SLJI) is consistent with the 
experimental results. Higher rates of degradation were obtained when higher diffusion coeffi- 
cients were used at the interface for SLJ2 to SLJ4 schemes. Analyses at very long exposure 
times have shown that all schemes result in the same long term failure load. 
The loading history of the undegraded and a degraded joint are shown in Figure 8-18. With the 
undegraded joint, the load increased linearly with applied displacement and reached the ulti- 
mate failure load where the crack propagated rapidly across the lap region. This type of cata- 
strophic failure is mostly found in this test configuration as the SERR increases with crack 
length even for a fixed displacement. The load dropped as the crack length increased and 
reduced the bond area. However, the amount of load drop was not significant even when the 
crack nearly reached the centre of the lap region. This observation was explained by considering 
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the shear stress distribution along the centre of bondline and along the interface of the adhesive 
for increasing analysis times (t1<t, <t3<t4) as shown in Figure 8-19. 
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Figure 8-I7. Predicted failure load at range of exposure time. 
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The shear stress distribution along the interface indicates the shifting of high shear stress at the 
crack tip as the crack extended. The average shear stress over the entire lap region decreased as 
the crack length increased. This corresponded to the reduction of load bearing capacity of the 
joint. However, there was a huge difference in load balance between the applied loading and the 
load transferred across the lap region calculated using the average shear stress. For example, the 
load bearing across the lap region at crack length of 4.75mm (t4) was approximately 6.9kN, 
whereas the load applied at this crack length was about 12kN. This imbalance of load across the 
joint generates instability and dynamic effects. This is the reason for the catastrophic failure 
observed, and loud noise heard, when this type of joint failed. The solution to this dynamic and 
unstable problem was obtained using the automatic stabiliser function of ABAQUS in a static 
analysis. The development of higher shear stress when the crack moves to the middle region of 
the lap length could trigger other failure mechanisms such as cohesive failure. Although the 
experiment showed interfacial failure [ 173], this does not imply that cohesive damage did not 
occur. The cohesive failure becomes less important when the joint is degraded by moisture, 
which causes more interfacial failure. 
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The degradation of the interface is governed by the moisture diffusion. Figure 8-20 shows the 
contour plot of moisture distribution for the 
different diffusion schemes used at an exposure 
time of 21 days SLJ4 shows the greatest degradation (Figure 8-17) as the moisture diffused 
faster along the interface. The typical loading history of a degraded joint using the SLJ3 scheme 
after exposure for 2ldays is shown in Figure 8-18. Initially the load carried by the joint 
increased linearly with applied displacement. Then, the crack extended rapidly for about 1mm 
along the weak interface Further crack extension was accompanied with an increase in load. 
The joint eventually failed catastrophically when it reached the ultimate failure load. Unlike the 
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undegraded joint, the adhesive layer had a varying fracture energy along the interface deter- 
mined by the moisture diffusion profile. 
The shear stress distribution for the degraded joint (SLJ3) is shown in Figure 8-21. This corre- 
sponds to the data seen in Figure 8-18. The lower average shear stress (t1) within the lap region 
relates to the lower load of debonding when the crack propagated approximately lmm. The 
average shear stress (t, to t3) increase relates the increase in load as the crack propagates in a 
stable manner into a less degraded region. Ultimately, the joint failed catastrophically with a 
small reduction of failure load. This small reduction of failure load is similar to the one seen in 
the undegraded joint, and is due to the dynamic effect of the failure. 
8.3 Conclusions 
The predictions implemented above have incorporated the rupture element along the interface. 
The fracture parameters were obtained using a different test configuration (MMF) and show 
encouraging results when applied to a single lap joint and thick adherend lap shear joint 
(TAST). 
The prediction of the TAST joint durability showed interesting results. Excellent prediction was 
obtained with scheme TST3 when residual strains were neglected. It has been demonstrated that 
the reduction of the failure load after exposure to moisture was governed by the rate of diffusion 
where higher diffusion rates or longer exposure times led to greater degradation. The failure of 
the degraded joint was accompanied by an initial stable extension of crack along the weak inter- 
face prior catastrophic crack extension at the ultimate failure load. 
On the other hand, when residual strains were included in the TAST joint analyses, the predic- 
tion showed strength recovery after an initial sharp reduction of strength. It has been shown that 
the compressive stress developed at the lap ends were responsible for the increase of strength 
[56]. The amount of strength recovery was dependent on the swelling coefficient and the satu- 
ration level. After the strength recovery, the strength of the joint gradually reduced and eventu- 
ally reached the limiting strength predicted neglecting residual strains. This indicates that the 
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limiting residual strength is controlled by the fracture energy of the interface when all the resid- 
ual stresses developed by the swelling have been reduced. 
The prediction modelling carried out on the single lap joint has neglected the plastic response 
of the substrate. This is the main reason why higher ultimate failure loads were predicted com- 
pared to the experimental data. The rate of degradation has been investigated using different dif- 
fusion schemes, which include both the bulk and interfacial diffusion. A greater reduction of 
joint strength was noted when a higher interfacial diffusion coefficient was used. A catastrophic 
failure response was predicted in the undegraded joint when it reached the ultimate failure load. 
However, in the degraded joints, the crack extended stably along the degraded interface region 
accompanied by increasing load with catastrophic failure eventually occurring when the joint 
finally fractured. 
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CHAPTER 
9 
CONCLUSIONS AND FUTURE WORK 
This research work has made a significant advancement and contribution to the durability mod- 
elling of adhesively bonded structures, based on the durability framework designed by Cro- 
combe [59). The objectives of the research have 
been achieved, where extensive experimental 
and modelling work have provided the essential material and 
fracture parameters for modelling 
interfacial degradation of adhesively bonded structures progressively after exposure to mois- 
ture. A concise review of the literature was presented that served as the background and justifi- 
cation for this research. Many parts of the work presented 
have been published as listed in page 
v. The conclusions from the research and suggestions 
for future work are presented in separate 
sections below. 
9.1 Conclusions 
The moisture uptake characteristic of AV 119 was determined using the gravimetric method at 
50°C with three moisture environments (81.2%RH, 95.8%RH and submerged in water). The 
results showed that the dual stage Fickian 
diffusion model characterised uptake in the thin film 
bulk adhesive (0.4mm and 0.8mm thick) better than single stage Fickian diffusion. This dual 
stage uptake was attributed to the hydrothermal 
degradation and swelling of the adhesive. On 
the other hand, uptake in thicker adhesive film (2.0mm) behaved more like a single stage Fick- 
ian diffusion. The diffusion parameters obtained, such as the diffusion coefficient and saturation 
level, were used in predictive modelling of degraded joints. 
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Tensile tests were carried out on bulk AV 119 adhesive to characterise the moisture dependent 
mechanical properties. The results showed that the elastic modulus, ultimate tensile strength 
(UTS) and yield stress reduce with increasing moisture concentration. Among these properties, 
the UTS showed the most reduction, at 50%. These moisture dependent mechanical properties 
were defined as a function of moisture concentration and were used to model the bulk degrada- 
tion of the adhesive in the predictive modelling. 
Both the thermal and swelling characteristics of AV 119 adhesive have been determined using 
a bi-material curved beam and bulk adhesive respectively. The thermal expansion of AV 119 
showed good agreement with the value quoted by the manufacturer. The swelling of the adhe- 
sive started slowly and then increased proportionally with moisture concentration. The swelling 
coefficient was determined using FE analysis together with the dual stage Fickian diffusion 
model. It was found that a varying swelling coefficient modelled the swelling data better than 
constant swelling coefficient. The combined effect of thermal and swelling behaviour of the 
adhesive has been demonstrated experimentally and numerically with the 
bi-material curved 
beam, where the thermal contraction curves, and swelling straightens, the 
beam. 
The interfacial strength of a bonded joint after exposure to a range of moisture levels was 
assessed using two fracture tests namely Mixed 
Mode Flexure (MMF) and Notched Coating 
Adhesive (NCA). The degradation of these tests were accelerated using an open-faced exposure 
approach. The tests showed significant degradation even at 
low interfacial moisture concentra- 
tion. The degradation gradually diminished and reached the limiting strength even before the 
adhesive layer saturated. These tests were modelled using FE to characterise the moisture 
dependent interfacial fracture energy using moisture dependent mechanical properties. Separate 
analyses were undertaken neglecting and 
including the effect of residual adhesive strains. The 
LEFM fracture energies obtained from both test configurations correlated closely and had the 
same reducing trend with increasing interfacial moisture concentration. In total, there was 90% 
reduction of fracture energy which is greater than the reduction of the mechanical properties. 
This moisture dependent fracture energy formed a key fracture parameter for the rupture ele- 
ment used in the predictive modelling. 
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The locus of failure of the MMF and NCA were established using surface analysis techniques. 
The SEM examination of the steel side showed that the locus of failure was close to the steel 
surface and the reduction of adhesive residue on the steel fracture surface with moisture con- 
centration was established. The XPS technique showed that the reduction of the thin carbon 
overlayer thickness of adhesive was strongly related to the reduction of interfacial strength. This 
overlayer thickness of adhesive left on the steel surface indicates that hydrolysis of the adhesive 
was the mode of degradation. 
A three noded interfacial rupture element has been developed and incorporated into the 
ABAQUS FE code to model the interfacial degradation of a bonded joint. This rupture element 
behaved according to a separation law that described the damage ahead of the crack tip in both 
pure and mixed mode conditions. The tripping strain and fracture energy are the two controlling 
parameters that highly influence the fracture response. Three simple benchmark models and a 
compact tension model were designed to validate the performance of the rupture element. The 
application of this rupture element in the compact tension model showed good agreement to the 
analytical solution and the experimental data when the calibrated fracture parameters used, 
ensured the rupture element operated within the energy dominated region. 
The moisture dependent tripping strain of the steel/AV 119 interface for the rupture element was 
calibrated using the M MF test configuration together with the moisture dependent fracture 
energy and mechanical properties. Excellent prediction of the progressive damage (for other 
crack lengths) and failure response of MMF and NCA were obtained using the calibrated mois- 
ture dependent fracture parameters, both for analyses that neglected and included the effect of 
residual strains. 
Further application of this rupture element was carried out on two bonded joints having the same 
steeUAV 119 interface. These test configurations were the single lap joint and the thick adherend 
shear test joint (TAST). The prediction of failure load for a range of exposure times using dif- 
ferent diffusion schemes have demonstrated that the rate of degradation in these joints is con- 
trolled by diffusion. The single lap joint prediction shows significant deviation from the 
experimental results. This was attributed to the plasticity of the steel substrate which was 
neglected in this study. TAST joint modelling showed excellent prediction when the residual 
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strains were neglected but a significant amount of strength recovery was predicted when these 
strains were included. The strength recovery of the TAST joint was attributed to the compres- 
sive stresses developed at the lap end regions. A greater load is required to overcome these 
stresses and to separate the interface bond. It was also demonstrated that the strength recovery 
was controlled by the diffusion rate and the swelling properties of the joint. There was a gradual 
reduction of bond strength after the initial stage of strength recovery. The limiting long term 
strength was obtained when all the residual stresses developed by the swelling have been 
reduced. This limiting residual strength was similar to that obtained by neglecting residual 
strains. This indicates that the limiting residual strength is governed by the fracture energy. The 
predicted results of these joints showed that final failure is catastrophic. 
9.2 Future Work 
Based on the durability framework in Chapter 1, a series of research is still required to complete 
the durability modelling technique. The interfacial and stress dependent diffusion of moisture 
into the adhesive are required to give more realistic modelling. Interfacial diffusion is attributed 
to the capillary effect and delamination at the interface and this can be faster than the bulk dif- 
fusion [54-56]. The stress developed in a bonded joint affects both the bulk and interfacial dif- 
fusion, which directly control the rate of degradation. This behaviour can be modelled using 
fully-coupled diffusion-mechanical analysis as opposed to the sequentially coupled analyses 
used here. Hence, the degradation can be modelled when the stress dependent diffusion coeffi- 
cient has been determined. Diffusion parameters at other ageing environments (temperature and 
relative humidity) are required to allow a greater range of exposure conditions to be modelled. 
Nonlinear material properties such as plasticity and rate dependency can be included in the pre- 
dictive modelling where appropriate. This will improve the realism of the predicted results. 
The swelling characteristic of the adhesive is another area to consider. Unlike thermal strain, the 
swelling strain is greater and it changes with temperature and moisture level. Hence, this sug- 
gests that swelling is important and characterising the swelling at different environments is jus- 
tified and useful for other predictive modelling work. 
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Fracture energies obtained using MMF and NCA have successfully characterised the interfacial 
strength in a short period of time using the open-faced approach. These techniques can be used 
to characterise the interfacial strength of other surface treatment such as silane treated bonding 
surface for steel and others for different substrate materials. 
The rupture element developed was based on a simplified separation law. Research on other 
shapes of separation law would be useful even though it was shown that the shape has less effect 
on the fracture behaviour [ 130]. Force tripped, rather than strain tripped, rupture elements is 
another option that can be used to model interfacial fracture. Any difference between the two 
provides vital information for predictive modelling. 
The application of the rupture element has been demonstrated only on a two dimensional model. 
The rupture element can be arranged in a three dimensional array with appropriate modification. 
Possibly, a different rupture element structure is needed for the three dimensional problem. 
Fatigue failure along the interface of bonded joint is most widely seen in actual service condi- 
tions. This motivates the importance of developing a fatigue capable rupture element to counter 
this problem where the threshold fracture energy, Gth, could be the fracture parameter that con- 
trols the failure instead of critical fracture energy, Gc. 
The prediction of the failure response of a bonded joint, such as single lap joint and the thick 
adherend lap shear joint, showed catastrophic failure, which has been overcome using the 
*STABILIZE function in ABAQUS. However, this does not solve the inertia effect on the crack 
propagation. Hence, the inertia effect should be taken into account by solving the crack propa- 
gation dynamically. 
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Figure A-1 M Stereo micrographs of (a) 
dry (h)0.004c0,, (c)0.325c,, and (d) 0.659c. of MMF fracture 
1(MX) magnification). Please used the attached Red/Blue spectacles to observe 
the images. 
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Appendix 8: Dual Stage Fickian Diffusion Code 
COMBINE TWO FICKIAN DIFFUSION ANALYSIS (NODAL TEMPERATURE) AND OUTPUT AS INPUT 
FILES. THE SOURCE FILES MUST BE NAMED AS filename. 002 AND filename. 003. THIS PROGRAME IS 
COMPILE USING ABAQUS/MAKE. 
PROGRAM POST 
INCLUDE 'aba_param. inc' 
CHARACTER FNAME*80, PREFIX* 10 
INTEGER NODENOM, NRU, INRU, KINC, P, L, BLANK, EXPOTIME, NODE(1000000,21) 
DIMENSION ARRAY(513), JRRAY(NPRECD, 5I 3), LRUNIT(2,21), LUNIT(10) 
DOUBLE PRECISION FILE 1(1000000,21), NTTOTAL(1000000,1) 
EQUIVALENCE (ARRAY(1), JRRAY(1,1)) 
DATA LUNIT/ 1,5,6,7,9,11,12,13,20,28/ 
FILE INITIALIZATION 
5 continue 
PRINT 10 
10 FORMAT(IX, 'Enter the number of files to be joined (MAX: 21): ', $) 
READ(5, '(13)') NRU 
IF (NRU. GT. 21)GOTO 5 
DO 40 INRU=I, NRU 
15 CONTINUE 
PRINT*, 'Enter the unit number of input file #', INRU, ': ' 
READ(5, *) LRUNIT(1, INRU) 
DO 41 K1=1,9 
IF(LRUNIT( I, INRU). EQ. LUNIT(K 1))THEN 
PRINT*, Error ! Unit number cannot be', Iunit(k 1) 
goto 15 
end if 
41 CONTINUE 
40 CONTINUE 
PRINT 6 
6 FORMAT (1 X, 'Enter a output file name : ', $) 
READ(5, '(A)') PREFIX 
BLANK 
DO 200 F=1, LEN(PREFIX) 
IF(PREFIX(F: F). EQ. ") BLANK=BLANK+1 
200 CONTINUE 
P=10-BLANK 
PRINT I 
1 FORMAT (I X; Enter the name of the input file(s) (w/o ext. ): ', $) 
READ(5, '(A)') FNAME 
PRINT, FNAME 
PRINT 7 
7 FORMAT (1 X, Enter the increment : ', $) 
READ(5, '(I)') EXPOTIME 
fortran unit number 
LRUNIT(2,1)=1(ASCII), 2(BINARY) file format 
LRUNIT(2,1)=2 
LRUNIT(2,2)=2 
LOUTF=1(ASCII), 2(BINARY) 
LOUTF=2 
CALL INITPF(FNAME, NRU, LRUNIT, LOUTF) 
DO 400 INRU=I, NRU 
JUNIT=LRUNIT(1, INRU) 
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punt*. INRU. '.... ' junit 
CALL DBRNU(JUNIT) 
LOOP ON ALL RECORDS IN RESULTS FILE 
NODENOM O 
K INC=O 
DO 100 K 100=1.100 
DO 100 KI =1,99999 
CALL DBFILE(O, ARRAY, JRCD) 
JRCD=ERROR CHECK RETURN CODE 0(NO ERROR); NOT 0 (ERROR) 
GO TO 110 IS EXIT THE LOOP AND END THE PROGRAM 
IF(JRCD. NE. O)GO TO 110 
KEY=JRRAY(1,2) 
IF(KEY. EQ. 2000) THEN 
KINC=JRRAY(1,9) 
ELSE 
IF(KINC. EQ. EXPOTIME. AND. KEY. EQ. 201)THEN 
NODENOM=NODENOM+1 
PRINT*, NODENOM, '****', JRRAY(1,3), '****', ARRAY(4) 
NODE(NODENOM, INRU)=JRRAY(1,3) 
FILE ! (NODENOM, INRU)=ARRAY(4) 
NTTOTA L(NODENOM, 1)=NTTOTAL(NODENOM, I)+FILE 1(NODENOM, INRU) 
PRINT, NODE(NODENOM, INRU), '****', FILE1(NODENOM, INRU) 
END IF 
END IF 
100 CONTINUE 
110 CONTINUE 
CLOSE(JUNIT) 
400 continue 
PRINT", 'Number of data rows : ', NODENOM 
PRINT", Number of increments: ', KINC 
END OF RETRIEVING DATA 
OPEN(UNIT=333, FILE=PREFIX(1: P)/P. inp', 
I STATUS=TIEW ) 
PRINT', 'Data output file name : ', 
I PREFIX(I : P)//'. inp' 
PRINT', NODENOM 
PRINT", NRU 
READ(5, '(13)') KK 
DO 123 R=1, NODENOM 
WRITE(333,1234) NODE(R, 1), ', ', NTTOTAL(R, 1) 
1234 FORMAT(18. AI, DI7.10) 
123 CONTINUE 
CLOSE(UNIT=333) 
READ(S; (13)') KK 
PRINT 
. 
'Write result completed' 
PRINT", 'Thank you and good day! ' 
print '. 'Press any key to exit' 
read(', ') TEMP 
STOP 
END 
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Appendix C: Rupture Element Subroutine 
SUBROUTINE UEL(RHS, AMATRX, SVARS, ENERGY, NDOFEL, NRHS, NSVARS, PROPS, 
I NPROPS. COORDS, MCRD, NNODE, U, DU, V, A, JTYPE, TIME, DTIME, KSTEP, KINC, 
2 JELEM. PARAMS, NDLOAD, JDLTYP, ADLMAG, PREDEF, NPREDF, LFLAGS, 
3 MLVARX, DDLMAG, MDLOAD, PNEWDT, JPROPS, NJPROP, PERIOD) 
INCLUDE 'ABA PARAM. INC' 
DIMENSION RHS(MLVARX, *), AMATRX(NDOFEL, NDOFEL), PROPS(*), 
I SVARS(NSVARS), ENERGY(8), COORDS(MCRD, NNODE), U(NDOFEL), 
2 DU(MLVARX, *), V(NDOFEL), A(NDOFEL), TIME(2), PARAMS(*), 
3 JDLTYP(MDLOAD, *), ADLMAG(MDLOAD, *), DDLMAG(MDLOAD, *), 
4 PREDEF(2, NPREDF, NNODE), LFLAGS(*), JPROPS(*) 
C 
DOUBLE PRECISION UR, DELTA_C, EAV, DELTA, AKR, AKS, KII, DELTA_CX, 
IDELTA CY, ELEML, RE, TS, W, Z, DELTA_N, DELTA_T, URN, URT, LAMDA, F_LAMDA, 
2FN LAMDA, FT LAMDA, J, LAMDA_U, MT, AKSX, AKSY, SS, OREINT, CREXT, LAMDAN, 
3 DELTAN, DELTAT, DELTA_TA, DELTA_Na, KN, KT, KNT, SIGNY, SIGNX, RHSX, RHSY, CC, 
4STEP N, ALPHA_B, ALPHA_D, B, D, ALPHA 
C 
C "MATRIX INITIALISATION" 
DO 100 I=1, NDOFEL 
RHS(I, 1)=O. ODO 
DO 200 K=I, NDOFEL 
AMATRX(K, 1)=O. ODO 
200 CONTINUE 
100 CONTINUE 
KII=O 
LAMDA=O 
c 
C 'UEL PROPERTY, ELSET= 
C AKS, AKR, GC, MT, TS, W, Z, J, MM, SS 
C ELEMENT PROPERTIES 
C LOADING STIFFNESS 
AKS=PROPS(I ) 
C RELEASED STIFFNESS 
AKR=PROPS(2) 
C RUPTURE ENERGY 
GC=PROPS(3) 
C MODEL THICKNESS 
MT=PROPS(4) 
C TRIPPING STRAIN 
TS=PROPS(5) 
C UNLOADING TOLERANCE 
W=PROPS(6) 
C RELEASING TOLERANCE 
Z=PROPS(7) 
C SYMMETRICAL (2); NON-SYMM (1) 
J=PROPS(8) 
C MODE ANALYSIS: MODE I=1; MODE 1I=2, MIXED MODE=3 
MM=PROPS(9) 
C FAILURE CRITERIA: Y STRAIN=I, X-STRAIN=2, RESULTANT STRAIN=3 
SS=PROPS(10) 
C ORIENTATION: NODE (123)=1; NODE (321)=2 
OREINT=PROPS(I 1) 
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C CRACK EXTENSION 
CREXT=PROPS(12) 
C 
C PREDEFINED FIELD VARIABLE FOR DETERMINING THE FRACTURE PARAMETERS 
CC=PREDEF(1,2,2) 
C 
C ELEMENT LENGTH (NODE 2- NODE 1) 
ELEML = ABS(COORDS(2,2)-COORDS(2,1)) 
C 
IF (CREXT. EQ. 0.0) THEN 
CREXT=ELEML 
END IF 
C 
C RELATIVE DISPLACEMENT OF NODE 1&2 
DELTA 
_CX 
= (U(I)-U(3)) 
IF(OREINT. EQ. I )THEN 
IF((U(2). GE. U(4)))THEN 
DELTA CY = ABS(U(2)-U(4)) 
DELTA 
_C 
= SQRT(((ELEML+DELTA_CY)**2)+(DELTA_CX**2)) 
C PRINT*, JELEM, ' ': I', DELTA_C 
ELSE 
DELTA_CY = -I*ABS(U(2)-U(4)) 
DELTA 
_C 
= SQRT(((ELEML+DELTA_CY)**2)+(DELTA_CX**2)) 
C PRINT*, JELEM, ', '2', DELTA_C 
END IF 
ELSE 
IF((U(2). LE. U(4)))THEN 
DELTA_CY = ABS(U(2}U(4)) 
DELTA 
_C 
= SQRT(((ELEML+DELTA_CY)**2)+(DELTA_CX**2)) 
C PRINT*, JELEM, "; 3', DELTA_C 
ELSE 
DELTA CY = -1 *ABS(U(2)-U(4)) 
DELTA 
_C 
= SQRT(((ELEML+DELTA_CY)**2)+(DELTA_CX**2)) 
C PRINT*. JELEM, ', '4', DELTA_C 
END IF 
END IF 
C 
C TRIPPING STRAIN CALCULATIONS, EAV 
IF(SS. EQ. I )THEN 
EAV = (DELTA_CY/ELEML) 
ELSE 
IF(SS. EQ. 2)THEN 
EAV = (DELTA_CX/ELEML) 
ELSE 
EAV = ((DELTA_C-ELEML)/ELEML) 
C PRINT', JELEM, ', EAV, ' ', TS 
END IF 
END IF 
C END STRAIN CALCULATION 
C 
C DELTA CALCULATION (SEPERATION OF SPRING NODE 2 AND 3) 
IF(MM. EQ. I )THEN 
DELTA_T =0 
DELTA 
_N 
= (U(4)-U(6)) 
AKSX=O 
AKSY=AKS 
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ELSE 
I F(\I. \i . I: Q. 2 )'TII EN [)EL'TA_ T= (U(3)-U(5)) 
DELTA 
_N 
=0 
AKSX=AKS 
AKSY=O 
ELSE 
DELTA_T = (U(3)-U(5)) 
DELTA_N = (U(4)-U(6)) 
AKSX=AKS 
AKSY=AKS 
END IF 
END IF 
C 
DELTA =SQRT((DELTA_T**2)+(DELTA_N**2)) 
C END DELTA CALCULATION 
C 
C CALIBRATED FRACTURE PARAMETERS AS A FUNCTION OF INTERFACIAL MOISTURE 
C CONCENTRATION (OPTIONAL) 
GC=170" EXP(-300*CC)+320*EXP(-4.5*(CC-0.004))+200*EXP(-30*CC)+48 
TS=EXP(CC*-100)*0.0053+0.015 * EXP(-4*CC)+0.0097 
C 
C CONVERSION OF GC (J/m^2) TO RUPTURE ENERGY, RE (Nmm) 
RE=CjC*(CREXT)*MT/(J* 1000) 
C 
SVARS(20)=JELEM 
SVARS(22)=GC 
SVARS(23)=CREXT*MT/(J' 1000) 
SVARS(30)=CREXT 
C 
C CASE STUDY 
C 
IF(SVARS(10). EQ. I. 0. AND. SVARS(2). EQ. 1.0) THEN 
C RELEASED 
C PRINT", JELEM, RELEASED', KINC 
AMATRX(3,3)=AKR 
AMATRX(5,5)=AKR 
AMATRX(3,5)=AKR 
AMATRX(5,3)=-AKR 
AMATRX(4,4)=AKR 
AMATRX(6,6)=AKR 
AMATRX(4,6)=-AKR 
AMATRX(6,4)-AKR 
AMATRX(3,4)0 
AMATRX(5,4)'O 
AMATRX(3,6) 0 
AMATRX(5,6)=0 
AMATRX(4,3)=O 
AMATRX(6,3)0 
AMATRX(4,5)=0 
AMATRX(6,5)0 
C RHS 
RHS(3,1)=0 
RHS(5,1)=0 
RHS(4,1)=0 
RHS(6,1)=O 
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C CALCULATE THE SPRING FORCE 
SVARS(12)=O 
SVARS(27)=AKR 
SVARS(28)=AKR 
LAMDA=SQRT(((DELTA_N/SVARS(15))**2)+((DELTA_T/SVARS(17))* *2)) 
C 
ELSE 
IF(SVARS(2). EQ. 1.0) THEN 
C RHS SIGN SWITCHING 
IF((U(4)-U(6)). GE. O)THEN 
SIGNY=1 
ELSE 
SIGNY=-1 
END IF 
IF((U(3)-U(5)). GE. O)THEN 
SIGNX=I 
ELSE 
SIGNX=-1 
END IF 
IF(MM. EQ. I )THEN 
C 
C 
DELTA_N=SIGNY*ABS(U(4)-U(6)) 
ELSE 
IF(MM. EQ. 2)THEN 
DELTA_TA=SIGNX*ABS(U(3)-U(5)) 
DELTA_T=SIGNX*ABS(U(3)-U(5)) 
ELSE 
DELTA N=SIGNY*ABS(U(4)-U(6)) 
IF(SVARS(13). EQ. O)THEN 
DELTA_TA=O 
DELTA_T=SIGNX*ABS(U(3)-U(5)) 
ELSE 
DELTA_TA=SIGNX *ABS(U(3)-U(5)) 
DELTA_T=DELTA_TA 
END IF 
END IF 
END IF 
LAMDA=SQRT(((DELTA_N/SVARS(15))* *2)+((DELTA_TA/SVARS(17))**2)) 
Appendixes 
IF(LAMDA. LE. SVARS(18))THEN 
PRINT*, KINC, '- -', JELEM, 'LAMDA <= LAMDAU' 
KI=SVARS(4)/SVARS(18) 
FN LAMDA=KI*DELTA_N/SVARS(15) 
FT LAMDA=KI*DELTA_TA/SVARS(17) 
F_LAMDA=SQRT(FN_LAMDA* *2+FT_LAMDA* *2) 
KN=KI/SVARS(15) 
KT=KI/SVARS(17) 
KNT=O 
ELSE 
KII=-I *(SVARS(4)/(I-SVARS(18))) 
F LAMDA=SVARS(4)*(1-((LAMDA-SVARS(18))/(1-SVARS(18)))) 
FN_LAMDA=(F_LA MDA * (DELTA_N))/(S VARS(15) * LAMDA) 
FT_LAMDA=F_LAMDA *((DELTA_TA)* SVARS(15))/(LAMDA*(S VARS(17)* *2)) 
KN=SVARS(4)*(I-LAMDA-(DELTA_N/(LAMDA*SVARS(15)))**2)/ 
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C 
END IF 
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I (SVARS(I 5)*LAMDA*(1-SVARS(18))) 
KNT=-1 *(SVARS(4)*DELTA_N*DELTA_TA)/((LAMDA**3)*(SVARS(17)**2)* 
I(SVARS(I5)*(1-SVARS(18)))) 
KT=S V ARS(4)*S V ARS(15)*(1-LAMDA-(DELTA_TA/(LAMDA *SVARS(17)))* *2)/ 
I((SVARS(17)**2)*LAMDA*(1-SVARS(18))) 
IF(MM. EQ. I )THEN 
SVARS(6)=KN 
SVARS(16)=O 
ELSE 
IF(MM. EQ. 2)THEN 
SVARS(6)0 
SVARS(16)=KT 
ELSE 
END IF 
END IF 
SVARS(6)=KN 
SVARS(16)=KT 
SVARS(3I)=KNT 
c 
IF(LAMDA. LT. 1) THEN 
C STILL UNLOADING 
SVARS(9)=LAMDA 
A MATRX(3,3)=S VARS(16) 
AMATRX(5,5)=SVARS(16) 
AMATRX(3,5)=-SVARS(16) 
AMATRX(5,3)=-SVARS(16) 
A MATRX(4,4)=S VARS(6) 
A MATRX(6,6)=S VA RS(6) 
AMATRX(4,6)=-S VARS(6) 
AMATRX(6,4)=-SVARS(6) 
C 
AMATRX(3,4)=S VARS(31) 
AMATRX(5,4)=-1 *SVARS(31) 
AMATRX(3,6)=-1 *SVARS(31) 
AMATRX(5,6)=SVARS(3 1) 
AMATRX(4,3)=SVARS(3 1) 
AMATRX(6,3)=-1 *SVARS(31) 
AMATRX(4,5)=-1 *SVARS(31) 
AMATRX(6,5)=SVARS(31) 
C RHS 
RHS(4,1)=-1 *FN_LAMDA 
RHS(6,1)=FN_LAMDA 
RHS(3,1)=-1 *FT_LAMDA 
RHS(5,1)=FT_LAMDA 
C CALCULATE THE SPRING FORCE 
SVARS(12)=F_LAMDA 
SVARS(27)=SVARS(16) 
SVARS(28)=SVARS(6) 
ELSE 
IF(LAMDA. GT. Z) THEN 
C RELEASING CUTBACK 
S VARS(11)=LAMDA 
PNEWDT=O. 1 *(1.0-SVARS(9))/(SVARS(11)-SVARS(9)) 
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C PRINT", JELEM, '', KINC, ' ', 'PNEWDT", PNEWDT 
ELSE 
C START RELEASING 
SVARS(10)=1 
AMATRX(3,3)=SVARS(16) 
AMATRX(5,5)=SVARS(16) 
AMATRX(3,5)=-SVARS(16) 
AMATRX(5,3)=-SVARS(16) 
AMATRX(4,4)=S VARS(6) 
AMATRX(6,6)=SVARS(6) 
A MATRX(4,6)=-S VARS(6) 
AMATRX(6,4)=-SVARS(6) 
c RHS 
AMATRX(3,4)=SVARS(31) 
AMATRX(5,4)=-1 *S VARS(31) 
AMATRX(3,6)=-1 *SVARS(31) 
AMATRX(5,6)=SVARS(31) 
AMATRX(4,3)=SVARS(3 1) 
AMATRX(6,3)=-1 *SVARS(3 1) 
AMATRX(4,5)=-1 * SVARS(31) 
AMATRX(6,5)=SVARS(31) 
C RHS(4,1)=- I *FN_LAMDA 
RHS(6, I )=FN_LAMDA 
RHS(3, I)=1 *FT_LAMDA 
RHS(5,1)=FT_LAMDA 
C CALCULATE THE SPRING FORCE 
SVARS(I2)=F_LAMDA 
SVARS(27)=SVARS(16) 
SVARS(28)=SVARS(6) 
END IF 
END IF 
ELSE 
IF((EAV/TS). GE. 1) THEN 
IF((EA V/TS ). LE. W)THEN 
C START UNLAODING 
SVARS(2)=1.0 
C UNLOADING DISPLACEMENT 
SVARS(3)=DELTA_N 
SVARS(13)=DELTA_T 
SVARS(21)=DELTA 
C 
AMATRX(3,3)=AKSX 
AMATRX(5,5)=AKSX 
AMATRX(3,5)=-AKSX 
AMATRX(5,3)=-AKSX 
AMATRX(4,4)=AKSY 
AMATRX(6,6)=AKSY 
AMATRX(4,6)=-AKSY 
AMATRX(6,4)=-AKSY 
C 
RHS(3,1)=-AMATRX(3,3)*U(3)-AMATRX(3,5)*U(5) 
RHS(5,1)=-AMATRX(5,3)*U(3)-AMATRX(5,5)*U(5) 
RHS(4,1)=-AMATRX(4,4)*U(4)-AMATRX(4,6)*U(6) 
RHS(6,1)=-AMATRX(6,4)*U(4)-AMATRX(6,6)*U(6) 
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C 
SVARS(I2)=SQRT(RHS(3, I)**2+RHS(4, I)**2) 
SVARS(27)=AKSX 
SVARS(28)=AKSY 
SVARS(4)=SVARS(12) 
C 
C CALCULATES RELEASE DISPLACEMENT 
URN=(2 . 0*RE/S VARS(4))+ABS(S VARS(3)) 
URT=URN 
UR=SQRT((URN)* *2+(URT)* *2) 
SVARS(5)=UR 
SVARS(15)=URN 
S VARS(17)=URT 
LAMDA_U=SQRT(((SVARS(3)/SVARS(15))**2)+ 
((S VARS(13)/S VARS(17))* *2)) 
C 
SVARS(18)=LAMDA_U 
ELSE 
C UNLOADING CUTBACK 
END IF 
SVARS(8)=(EAV/TS) 
PNEWDT=0.1 *(1.0-SVARS(1))/(SVARS(8)-S VARS(1)) 
C PRINT*, JELEM, ' ', KINC; '; PNEWDT, PNEWDT 
ELSE 
C LOADING 
SVARS(1)=EAV/TS 
AMATRX(3,3)=AKSX 
AMATRX(5,5)=AKSX 
AMATRX(3,5)=-AKSX 
AMATRX(5,3)=-AKSX 
AMATRX(4,4)=AKSY 
AMATRX(6,6)=AKSY 
AMATRX(4,6)=-AKSY 
AMATRX(6,4)=-AKSY 
C RHS 
RHS(3,1)=-AMATRX(3,3)*U(3)-AMATRX(3,5)*U(5) 
RHS(5,1)=-AMATRX(5,3)*U(3)-AMATRX(5,5)*U(5) 
RHS(4,1)=-AMATRX(4,4)*U(4)-AMATRX(4,6)*U(6) 
RNS(6,1)=-AMATRX(6,4)*U(4)-AMATRX(6,6)*U(6) 
C 
C CALCULATE THE SPRING FORCE 
S VARS(12)=SQRT(RHS(3,1)* *2+RHS(4,1)* *2) 
SVARS(27)=AKSX 
SVARS(28)=AKSY 
END IF 
END IF 
END IF 
SVARS(24)=ABS(R-IS(3,1)) 
SVARS(25)=ABS(RHS(4,1)) 
SVARS(26)=LAMDA 
SVARS(29)=KII 
SVARS(I4)= ABS(DELTA_T) 
SVARS(19)= ABS(DELTA_N) 
c 
RETURN 
END 
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Appendix D: Rupture Element Data Processor Code 
THIS PROGRAME IS COMPILE USING ABAQUS/MAKE. THE SOURCE FILE IS filename. fil AND 
OUTPUT FILE IS prefujIlename_SVARS. dat. IT IS NECESSARY TO OUTPUT ALL THE SDV OF THE 
RUPTURE ELEMENT IN THE INPUT FILES USING *EL FILE. 
PROGRAM POST 
UEL SVARS RETRIEVING SYSTEM 
INCLUDE 'aba jiaram. inc' 
CHARACTER FNAME*80, PREFIX*10 
INTEGER MIN, MAX, K, N, UELNO(500), REP(500,2), NODE(I0), LINC, 
I R, C, W, KINC, P, L, BLANK, Z, ROW, TEMP, G, INC(20000), NON, STEP, STEPN 
DIMENSION ARRAY(513), JRRAY(NPRECD, 513), LRUNIT(2,1) 
DOUBLE PRECISION SRE(500,20), NODAL(20000,4), EAVTS(20000,500) 
DOUBLE PRECISION TTIME(20000), UX(20000,500), UY(20000,500) 
DOUBLE PRECISION FX(20000,500), FY(20000,500), KII(20000,500) 
DOUBLE PRECISION RF(20000,500), LAMDA(20000,500), UN(20000,500) 
DOUBLE PRECISION UT(20000,500), KX(20000,500), KY(20000,500) 
REAL URN, URT, DMODE_II, DMODE_I, PZL, CRACKL, M, GC, CREXT, PRECRACK 
EQUIVALENCE (ARRAY(1), JRRAY(1,1)) 
FILE INITIALIZATION 
PRINT 6 
6 FORMAT (I X, 'Enter a prefix name for the output files: ', $) 
READ(5, '(A)') PREFIX 
PRINT I 
I FORMAT (I X, 'Enter the name of the input file (*. fil): ', $) 
READ(5, '(A)') FNAME 
PRINT 2 
2 FORMAT (1 X, 'Enter the range of element no. of interest: ') 
PRINT 3 
3 FORMAT (1 X, 'Minimum =', $) 
READ(5, '(15)') MIN 
PRINT 4 
4 FORMAT (I X; Maximum =', $) 
READ(5; (I5)') MAX 
PRINT 5 
5 FORMAT (1 X, Enter the increment no: ', $) 
READ(5; (I5)') K 
N=(MAX-MIN)/K 
PRINT 7 
7 FORMAT (I X, 'Enter the initial precrack: ', $) 
READ(5, *) PRECRACK 
PRINT 77 
77 FORMAT (I X, 'Enter the limit increment: ', $) 
READ(5, *) LINC 
PRINT 8 
8 FORMAT (I X, 'Enter number of nodes of obtaining RF and U: ', $) 
READ(5, '(I8)') NON 
DO 789 NRFU=I, NON 
PRINT 9 
9 FORMAT (I X, 'Enter the node no. RF and U: ', $) 
READ(5, '(I8)') NODE(NRFU) 
789 CONTINUE 
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BLANK=0 
DO 190 F=I, LEN(FNAME) 
IF(FNAME(F: F). EQ. ") BLANK=BLANK+1 
190 CONTINUE 
L=80-BLANK 
BLANK=0 
DO 200 F=1, LEN(PREFIX) 
IF(PREFIX(F: F). EQ. ") BLANK=BLANK+1 
200 CONTINUE 
P=10-BLANK 
do 10I=I, N+1 
UELNO(I)=MIN+K"(I-1) 
10 CONTINUE 
NRU=1 
LRLJNIT(1,1)=8 
LRUNIT(2,1)=I(ASCII), 2(BINARY) 
LRUN IT(2,1)=2 
LOUTF= I (ASCII), 2(BINARY) 
LOUTF=2 
CALL INITPF(FNAME, NRU, LRUNIT, LOUTF) 
JUNIT=8 
CALL DBRNU(JUNIT) 
LOOP ON ALL RECORDS IN RESULTS FILE 
R=0 
DO 100 K100=1,100 
DO 100 K 1=1,99999 
CALL DBFILE(O, ARRAY, JRCD) 
JRCD=ERROR CHECK RETURN CODE 0(NO ERROR); NOT 0 (ERROR) 
GO TO 110 IS EXIT THE LOOP AND END THE PROGRAM 
IF(JRCD. NE. O)GO TO 110 
KEY=JRRAY(1,2) 
IF(KEY. EQ. 2000) THEN 
KINC=JRRAY(1,9) 
STEPN=JRRAY(1,8) 
C IF(STEPN. EQ. STEP) THEN 
IF(KINC. LE. LINC) THEN 
R=R+1 
R=JRRAY(1,9) 
TTIME(R)=ARRAY(4) 
INC(R)=KINC 
END IF 
ELSE IF(KEY. EQ. 5. AND. KINC. LE. LINC)THEN 
DO 103 I= I . N+ 1 
IF(UELNO(I). EQ. ARRAY(22))THEN 
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STORING THE SVARS IN FIN ARRAY 
EAVTS(R, 1)=ARRAY(3) 
t`X 
UX(R. 1)=ARRAY(16) 
UY(R. 1)=ARRAY(21) 
FX 
FX(R, I)=ARRAY(26) 
FY 
FY(R. 1)=ARRAY(27) 
KX 
C KX(R, I)=ARRAY(29) 
! KY 
C KY(R. I)=ARRAY(30) 
LAMDA 
LAMDA(R, 1)=ARRAY(28) 
Kll 
KII(R. I)=ARRAY(31) 
URT 
UT(R, l)=ARRAY(17) 
URN 
UN(R, 1)=ARRAY(19) 
! RF 
RF(R. 1)=ARRAY(14) 
GC=ARRAY(24) 
CONST=ARRAY(25) 
CREXT=ARRAY(32) 
END IF 
103 CONTINUE 
NODAL REACTION FORCE AND DISPLACEMENT RETRIEVAL 
ELSE IF(KEY. EQ. 101)THEN 
DO 8910 RFN=I, NON 
IF(JRRAY(1,3). EQ. NODE(RFN))THEN 
NODAL(R, 1)=ARRAY(4) 
NODAL(R. 2)=ARRAY(5) 
END IF 
8910 CONTINUE 
ELSE IF(KEY. EQ. 104)THEN 
DO 8911 RFN= I . NON 
IF(JRRAY(1,3). EQ. NODE(RFN))THEN 
N ODA L(R. 3)= NO DA L(R, 3)+ARRA Y(4 ) 
NODAL(R. 4)=NODAL(R, 4)+ARRAY(5) 
END IF 
8911 CONTINUE 
END IF 
100 CONTINUE 
110 CONTINUE 
ROW -R 
PRINT', 'Number of data rows : ', ROW 
PRINT', 'Number of increments: '. KINC 
PRINTO. 'Data stored in every', KUNC/ROW, ' increment' 
END OF RETRIEVING DATA 
LOCATE THE UNLOADING AND RELEASE INCREMENT 
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DO 105 I= 1, N+1 
UNLOADING ROW 
REP(I, 1)=0 
RELAEASING ROW 
REP(1.2)=O 
DO 106 R=I, KINC 
DO 106 R=1, ROW 
IF(REP(l, I ). EQ. O)THEN 
IF(UT(R, I). NE. 0.0)THEN 
URT=UT(R, I) 
URN=UN(R, I) 
REP(I, 1)=R 
END IF 
END IF 
IF(REP(I, 2). EQ. O)THEN 
IF(RF(R, I). EQ. O) REP(I, 2)=R 
END IF 
106 CONTTNUE 
IF(REP(I, 1). NE. O)THEN 
DO 107 W=1, REP(I, 1) 
CALCULATE THE LAMBDA BEFORE UNLOADING 
LAMDA(W, I)=SQRT(((UX(W, I)/URT)* *2)+ 
1 ((UY(W, I)/URN)'**2)) 
107 CONTINUE 
CALCULATE THE INITIAL STIFFNESS (KI)=FU/LAMBDA UNLOADING 
DO 1077 W=1, REP(I, 1) 
KII(W, I)=RF(REP(I, 1), I)/LAMDA(REP(I, I ), I) 
1077 CONTINUE 
END IF 
105 CONTINUE 
OPEN(UNIT=333, FILE=PREFIX(1: P)/P_'//FNAME(1: L)//'_SVARS. DAT, 
ISTATUS=TIEW ) 
PRINT", 'Data output file name : ', 
I PREFIX(I : P)/P_'/1FNAME(I : L)/P_SVARS. DAT 
WRITE(333, '(I5)')KINC 
WRITE(333, '(18)')ROW 
WRITE(333; (I8)')5 
WRI TE(333, '(I8)')N+1 
! WRITE INC AND TIME 
DO 123 R=1, ROW 
WRI TE(333,1234) INC(R), TTIME(R) 
1234 FORMAT(1 X, I8, I X, E 17.10) 
123 CONTINUE 
WRITE(333,1212)UX', 
I'UY', 'FX', 'FY', 'LAMDA' 
1212 FORMAT(5(I X, A 17)) 
DO 1091=1, N+1 
WRITE(333,1300) UELNO(I) 
1300 FORMAT(18) 
RO 
DO 120 R=1, KINC 
DO 120 R=I, ROW 
WRITE(333,1202) UX(R, I), UY(R, I), FX(R, I), FY(R, I), LAMDA(R, I), 
I EAVTS(R, 1) 
1202 FORMAT(6(I X, E 17.10)) 
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120 CONTINUE 
109 CONTINUE 
WRITE NODAL REACTION AND DISPLACEMENT DATA 
WRITE(333; (I8)') NODE(1) 
DO 140 R=1, KINC 
DO 140 R=1, ROW 
WRITE(333,1203) (NODAL(R, J), J=1,4) 
1203 FORMAT(4(I X, E 17.10)) 
140 CONTINUE 
PRINT*; Write nodal results completed' 
SUMMARIZED DATA 
DO 1221=1, N+1 
SRE(1,1)=UELNO(I) 
SRE(1,2)=UX(REP(I, I ), I) 
SRE(I, 3)=UY(REP(I, 0, I) 
SRE(I, 4)=UX(REP(I, 2), 1) 
SRE(I, 5)=UY(REP(1,2), I) 
SRE(I, 6)=FX(REP(I, I ), I) 
SRE(I, 7)=FY(REP(l, 1), I) 
DO 128 R=REP(I, I), REP(I, 2) 
DMODE_l1=ABS(UX(R+1, I)-UX(R, I))*(FX(R+1, I)+FX(R, I))/ 
I (2*CONST) 
SRE(I, 8)=SRE(l, 8)+DMODE_II 
DMODE_I=ABS(UY(R+ 1, I)-UY(R, I))*(FY(R+1,1)+FY(R, I))/ 
I (2*CONST) 
SRE(I, 9)=SRE(I, 9)+DMODE_I 
128 CONTINUE 
SRE(I, 10)=SRE(I, 9)+SRE(I, 8) 
IF(SRE(1,8 ). EQ. O. OR. S RE(l, 9). EQ. O)THEN 
IF(S RE(1,8 ). EQ. 0 )THEN 
SRE(I, 11)=I 
SRE(I, 12)=1 
ELSE 
SRE(1,11)=2 
SRE(I, 12)=2 
END IF 
ELSE 
SRE(I. 11)=SRE(1,7)/SRE(1,6) 
SRE(1,12)=SRE(1,9)/SRE(1,8 ) 
END IF 
ERROR 
SRE(I, I3)=(SRE(I. 1 O)-GC)/GC* 100 
122 CONTINUE 
SEARCH 
DO 124 I= l, N+l 
M=0 
DO 1251=I, N+1 
IF(M. EQ. O)THEN 
IF(RF(REP(1,2), J). GT. RF(REP(I, 2), J+I ))THEN 
M=J-I 
PZL=M*CREXT 
SRE(1,16)=PZL 
END IF 
END IF 
125 CONTINUE 
IF(RF(REP(l, 2 ), I ). EQ. O)TH EN 
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CRACKL=PRECRACK+K*(I-1)*CREXT 
SRE(1,15)=CRACKL 
END IF 
U TIME AND R TIME 
SRE(I, 14)=TTIME(REP(I, 1)) 
SRE(I, 17)=TTIME(REP(I, 2)) 
124 CONTINUE 
WRITE SUMMARIZED DATA 
L=22 
G=O 
DO 225 I=1, N+1 
IF(REP(I, 2). EQ. O. OR. REP(I, 1). EQ. O)GOTO 225 
G=3+1 
225 continue 
WRITE(333, '(18)')L 
WRITE(333; (I8)')G 
WRITE(333,1206)'U. KINO, 'R. KINC', 'U. TIME', 'R. TIME', 'UX', 
I1, RX', 'RY, 'UFX'; UFY; GII'; GI'; GT, 'FY/FX', 'GI/GIF, 
2'ERROR , 'CRACKL', PZL', 'URT, 'URN', 'KI_LAMDA', 'KII_LAMDA' 
1206 FORMAT(2(I X, A6), 20(1 X, A 17)) 
DO 2231=1, N+ 1 
IF(REP(I, 2). EQ. O. OR. REP(1,1). EQ. O)GOTO 1225 
223 WRFFE(333,1205) INC(REP(I, 1)), INC(REP(I, 2)), SRE(1,14), 
I SRE(I, 17), (SRE(I, J), J=2,13), (SRE(I, J), J=15,16), UT(ROW, I), 
2UN(ROW, I), KII(REP(I, l)-1,1), IUI(REP(I, 2)-1,1) 
1205 FORMAT(2(I X, I8), 20(1 X, E 17.10)) 
1225 CONTINUE 
CLOSE(UNIT=333) 
PRINT', Total number of ruptured element : ', G 
PRINT', 'Average increment/ruptured element: ', KINC/G 
PRIM''; Write summary result completed' 
PRINT', 'Thank you and good day !' 
print ", 'Press any key to exit' 
read(*, *) TEMP 
STOP 
END 
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Appendix E: Rupture Element Data Visualise Code 
THIS PROGRAME IS COMPILE USING FORTRAN AND MATLAB LIBRARIES. THE SOURCE FILE IS 
filename_SVATS. dat. 
integer engOpen, engGetMatrix, mxCreateFull, mxGetPr, MATFILE, mxCreateString 
integer ep, ROW, L, N, LF, BLANK, NR, LR 
INTEGER TIME, DX, DY, FX, FY, KX, KY, LAMDA, KII, ELEM, INC, TDX, TDY, TFX, TFY, TLAMDA 
INTEGER UKIN, RKIN, UTIME, RTIME, UX, UY, UFX, UFY, FYX, GI, GII, GT, GIGII, ERROR 
INTEGER CRACKL, PZL, RX, RY, NODE, NUX, NUY, NFX, NFY, FXCRACK, FYCRACK, EAVTS, TEAVTS 
integer engPutMatrix, engEvalString, engClose 
integer temp, status 
CHARACTER FNAME*80 
CHARACTER*8 AXIS(20) 
CHARACTER'8, DIMENSION(: ), ALLOCATABLE :: LABEL 
CHARACTER' 16 FORTFILE 
double precision, DIMENSION(:,:,: ), ALLOCATABLE :: FIN 
double precision, DIMENSION(:,: ), ALLOCATABLE :: SRE, NODAL, FCRACK, STEPS 
double precision, DIMENSION(: ), ALLOCATABLE :: UELNO 
INTEGER RR 
FILE INITIALIZATION 
PRINT I 
FORMAT (I X, 'Enter the name of the input file (*_SVARS. DAT): ', $) 
READ(5, (A)') FNAME 
BLANK 
DO 190 F=1, LEN(FNAME) 
IF(FNAME(F: F). EQ. ") BLANK=BLANK+1 
190 CONTINUE 
LF=80-BLANK 
FORTFILE=FNAME(1: LF) 
OPEN(UNIT=212, FILE=FNAME(1: LF)//'_S VA RS. DA T, STATUS='OLD') 
READ(212, '(18)') ROW 
READ(212; (I8)') L 
READ(212; (18)') N 
ALLOCATE (FIN(ROW, 6, N)) 
ALLOCATE (UELNO(N)) 
ALLOCATE (STEPS(ROW, 2)) 
DO 119 I=1, ROW 
READ(212,1221) (STEPS(I, J), J=1,2) 
1221 FORMAT(1 X, F8.0,1 X, D 17.10) 
119 CONTINUE 
READ(212,1212) (AXIS(I), I=1, L) 
1212 FORMAT(5(1 X, A 12)) 
ep a engOpen('matlab') 
if(ep eq. 0) then 
write(6, ")'Can"t start MATLAB engine' 
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stop 
ELSE 
PRINT, 'MATLAB ENGINE HAS STARTED' 
endif 
MATFILE = mxCreateStnng(FORTFILE) 
call mxSetName(MATFILE, 'MATFILE') 
status I= engPutMatrix(ep, MATFILE) 
INC = mxCreateFull(ROW, 1,0) 
call mxSetName([NC, '[NC) 
call mxCopyReal8ToPtr(STEPS(:, 1), mxGetPr(INC), ROW) 
status2 = cngPutMatrix(ep, INC) 
call mxFreeMatrix(INC) 
TIME - mxCreateFull(ROW, 1,0) 
call mxSetName(TIME, TIME') 
call mxCopyReal8ToPtr(STEPS(:, 2), mxGetPr(TIME), ROW) 
statusI = engPutMatrix(ep, TIME) 
call mxFreeMatrix(TIME) 
DO 1091-I, N 
READ(212,1300) UELNO(I) 
1300 FORMAT(F8.0) 
DO 120 R=I, ROW 
READ(212,1202) (FIN(R, J, I), J=1,6) 
1202 FORMAT(6(I X, D 17.10)) 
120 CONTINUE 
IF(I. EQ. I )THEN 
DX = mxCreateFull(ROW, 1,0) 
call mxSetName(DX, 'DX) 
call mxCopyReal8ToPtr(FINN(:, 1,1), mxGetPr(DX), ROW) 
status4 = engPutMatrix(ep, DX) 
call mxFreeMatrix(DX) 
TDX = mxCreateFull(ROW, 1,0) 
call mxSetName(TDX, TD)C) 
DY - mxCceateFuü(ROW, 1,0) 
call mxSetName(DY, 'DY') 
call mxCopyRcal8ToPtr(FIN(:, 2, I ), mxGetPr(DY), ROW) 
status5 - engPutMatrix(cp, DY) 
call mxFreeMatnx(DY) 
TDY - mxCceateFuq(ROW, 1,0) 
call mxSetName(TDY. TDY') 
FX - mzCrcateFull(ROW, 1.0) 
call mxSetName(FX, 'F)C) 
call mxCopyReal8ToPü(FIN(:, 3, I), mxGetPc(FX), ROW) 
status6 - eagPutMauix(ep, FX) 
call mxFrceMatrix(FX) 
TFX - mxCrealeFull(ROW, 1,0) 
call rtuxSetName(TFX, 'TFX') 
FY - mxCrateFull(ROW, 1,0) 
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call mxSetName(FY, 'FY') 
call mxCopyReal8ToPtr(FIN(:, 4, l ), mxGetPr(FY), ROW) 
status6 = engPutMatrix(ep, FY) 
call mxFreeMatrix(FY) 
TFY = mxCreateFull(ROW, 1,0) 
call mxSetName(TFY, TFY) 
LAMDA = mxCreateFull(ROW, 1,0) 
call mxSetName(LAMDA, 'LAMDA') 
call mxCopyReal8ToPtr(FIN(:, 5,1), mxGetPr(LAMDA), ROW) 
status6 = engPutMatrix(ep, LAMDA) 
call mxFreeMatrix(LAMDA) 
TLAMDA = mxCreateFull(ROW, 1,0) 
call mxSetName(TLAMDA, TLAMDA') 
EAVTS = mxCreateFull(ROW, l, 0) 
call mxSetName(EAV TS, 'EAVTS') 
call mxCopyRea18ToPtr(FIN(:, 61 1), mxGetPr(EAVTS), ROW) 
status6 = engPutMatrix(ep, EAVTS) 
call mxFreeMatrix(EAVTS) 
TEAVTS = mxCreateFull(ROW, 1,0) 
call mxSetName(TEAVTS, rFEAVTS') 
ELSE 
call mxCopyReal8ToPtr(FIN(:, 1, I), mxGetPr(TDX), ROW) 
status5 = engPutMatrix(ep, TDX) 
iflengEvalString(ep, 'DX=[DX TDX]; clear TDX; '). ne. 0)Then 
stop 
endif 
call mxCopyReal8ToPu(FIN(:, 2, I), mXGetPr(TDY), ROW) 
status5 = engPutMatrix(ep, TDY) 
ilengEvalString(ep, DY=[DY TDY]; clear TDY; '). ne. O)Then 
stop 
endif 
call mxCopyReal8ToPh(FIN(:, 3, I), mXGetPr(TFX), ROW) 
status5 s engPutMatrix(ep, TFX) 
ifjengEvalString(ep, 'FX=[FX TFX]; clear TFX; '). ne. O)Then 
stop 
eadif 
call mxCopyReal8ToPtr(FEN(:, 4, I), mxGetPr(TFY), ROW) 
status5 a engPutMatrix(ep, TFY) 
if)engEvalSuing(ep, 'FY=[FY TFY]; clear TFY; '). ne. 0)Then 
stop 
endif 
call mxCopyReal8ToPtr(FIN(:, S, I), mxGetPT(TLAMDA), ROW) 
status5 - engPutMatrix(ep, TLAMDA) 
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if(engEva1String(ep, 'LAMDA=[LAMDA TLAMDA]; clear TLAMDA; '). ne. O)Then 
stop 
endif 
call mxCopyReal8ToPtr(FIN(:, 6, I), mxGetPr(TEAVTS), ROW) 
status5 = engPutMatrix(ep, TEAVTS) 
i«engEvalString(ep, 'EAVTS=[EAVTS TEAVTS]; clear TEAVTS; '). ne. 0)Then 
stop 
endif 
END IF 
109 CONTINUE 
DEALLOCATE (FIN) 
call mxFreeMatrix(TDX) 
call mxFreeMatrix(TDY) 
call mxFreeMatrix(TFX) 
call mxFreeMatrix(TFY) 
call mxFreeMatrix(TLAMDA) 
call mxFreeMatrix(TEAVTS) 
ELEM = mxCreateFull(N, 1,0) 
call mxSetName(ELEM, 'ELEM') 
call mxCopyReal8ToPtr(UELNO, mxGetPr(ELEM), N) 
status3 = engPutMatrix(ep, ELEM) 
call mxFreeMatrix(ELEM) 
KX = mxCreateFull(ROW, N, 0) 
call mxSetName(KX, 'KX') 
call mxCopyReal8ToPtr(FIN(:, 8,: ), mxGetPr(KX), ROW*N) 
status8= engPutMatrix(ep, KX) 
call mxFreeMatrix(KX) 
KY = mxCreateFull(ROW, N, 0) 
call mxSetName(KY, 'KY') 
call mxCopyRealsToPtr(FIN(:, 9,: ), mxGetPr(KY), ROW*N) 
status9 = engPutMatrix(ep, KY) 
call mxFreeMatrix(KY) 
KII = rnxCreateFull(ROW, N, 0) 
call mxSetName(KII, 'KII') 
call mxCopyReal8ToPtr(FIN(:, 11,: ), mxGetPr(KII), ROW*N) 
status! 1= engPutMatrix(ep, KII) 
call mxFreeMatrix(KII) 
! plotyy(TIME, DY(:, 1), TIME, FY(:, 1)) 
NODAL RF AND U 
READ(2I2, '(I8)')NODE 
ALLOCATE (NODAL(ROW, 4)) 
DO 131 I=1, ROW 
READ(212,1203) (NODAL(I, J), J=1,4) 
1203 FORMAT(4(I X, D 17.10)) 
131 CONTINUE 
NUX = mxCreateFull(ROW, 1,0) 
call mxSetName(NUX, NUX') 
call mxCopyReal8Toptr(NODAL(:, 1), mxGetPr(NUX), ROW) 
status I= engPutMatrix(ep, NUX) 
NUY = mxCreateFull(ROW, 1,0) 
call mxSetName( NUY, WUY) 
call mxCopyReal8ToPh{NODAL(:, 2), mxGetPr(NUY), ROW) 
status 1= engPutMatrix(ep, NUY) 
NFX = mxCreateFull(ROW, 1,0) 
call mxSetName(NFX, 'NFX') 
call mxCopyReal8ToPtr(NODAL(:, 3), mxGetPr(NFX), ROW) 
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statusI = engPutMatrix(ep, NFX) 
NFY =m CmateFull(ROW, 1,0) 
call mxSctName(NFY, 'NFY') 
call mxCopyRealSToPtr(NODAL(:, 4), mxGetPr(NFY), ROW) 
status I= engPutMatrix(ep, NFY) 
READ RESULTS 
READ(2I2; (18)')LR 
READ(2 12, '(18)')NR 
ALLOCATE (SRE(NR, LR)) 
ALLOCATE (LABEL(LR)) 
ALLOCATE (FCRACK(NR, 2)) 
READ(212,1206) (LABEL(I), 1=1, LR) 
1206 FORMAT(2(I X, A6), 20(I X, A 12)) 
DO 130 R= I, NR 
READ(212.1207) (SRE(R, J), J=1, LR) 
1207 FORMAT(2(I X, F8.0), 20(I X, D 17.10)) 
130 CONTINUE 
CLOSE(UNIT=212) 
PRINT. 'READ FILE COMPLETED' 
DO 4001=1, NR 
DO 400 J= I, ROW 
IF(SRE(1,2). EQ. STEPS(J, 1))THEN 
RR-J 
FCRACK(1, I)=NODAL(RR. 3) 
FCRACK(I, 2)=NODAL(RR, 4) 
END IF 
400 CONTINUE 
DEALLOCATE (NODAL) 
RESULT 
UK IN = mxCteateFull(NR, 1,0) 
call mxSetName(UKIN, 'UKIN') 
call mxCopyReal8ToPtr(SRE(:, 1), mxGetPr(UKIN), NR) 
statua4 - ettgPutMattix(ep, UKIN) 
RKIN = mxCrateFull(NR, 1.0) 
call mxSctName(RKIN, 'RKIN) 
call mxCopyReal8ToPtr(SRE(:, 2), mxGetPr(RKIN), NR) 
status4 - engPutMattix(ep, RKIN) 
VI1ME - mxCreateFull(NR, 1,0) 
call mxSetName(UTIME, UTIME') 
call mxCopyReal8ToPtt(SRE(:, 3), mxGetPr(UTIME), NR) 
status4 " engPutMatrix(ep, UTIME) 
RTIME a mxCrateFull(NR. 1,0) 
call mxSetNam«RTIME, 'RTIME') 
call mxCopyRealgToPu(SRE(:, 4), tttxGetPr(RTIME), NR) 
sunm4 - engPutMatrix(ep, RTIME) 
UX - mxCreateFull(NR1,0) 
call mxSetName(UX, 'UX) 
call m*CopyRealSToPtr(SRE(:, 5), mxGetPr(UX), NR) 
atatus4 - engPutMatrix(ep, UX) 
UY - mxCreateFullNR, 1,0) 
call mxSetName(UY, 'UY') 
call mxCopyReal8ToPtr(SRE(:, 6). MxGetPr(UY), NR) 
status4 a engPutMatnx(ep, UY) 
RX - mxCreateFull(NR, 1,0) 
call mxSetName(RX, 'RX') 
call mzCopyReal8ToPtt(SRE(:, 7), mxGetPr(RX), NR) 
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status4 = engPutMatrix(ep, RX) 
RY = mxCreateFull(NR, 1,0) 
call mxSetName(RY, 'RY) 
call mxCopyReal8ToPtr(SRE(:, 8), mxGetPr(RY), NR) 
status4 = engPutMatrix(ep, RY) 
UFX = mxCreateFull(NR, 1,0) 
call mxSetName(UFX, 'UFX') 
call mxCopyReal8ToPtr(SRE(:, 9), mxGetPr(UFX), NR) 
status4 = engPutMatrix(ep, UFX) 
UFY = mxCreateFull(NR, 1,0) 
call mxSetName(UFY, UFY) 
call mxCopyReal8ToPtr(SRE(:, 10), mxGetPr(UFY), NR) 
status4 = engPutMatrix(ep, UFY) 
Gil = mxCreateFull(NR, 1,0) 
call mxSetName(GII, 'GII') 
call mxCopyReal8ToPtr(SRE(:, 11), mxGetPr(GII), NR) 
status4 = engPutMatrix(ep, GII) 
GI = mxCreateFull(NR, 1,0) 
call mxSetName(GI, 'GI') 
call mxCopyReal8ToPtr(SRE(:, 12), mxGetPr(GI), NR) 
status4 = engPutMatrix(ep, GI) 
GT = mxCreateFull(NR, 1,0) 
call mxSetName(GT, 'GT) 
call mxCopyReal8ToPar(SRE(:, 13), mxGetPr(GT), NR) 
status4 = engPutMatrix(ep, GT) 
FYX = mxCreateFull(NR, 1,0) 
call mxSetName(FYX, 'FYX') 
call mxCopyReal8ToPtr(SRE(:, 14), mxGetPr(FYX), NR) 
status4 = engPutMatrix(ep, FYX) 
GIGII = mxCreateFull(NR, 1,0) 
call mxSetName(GIGII, 'GIGIP) 
call mxCopyReal8ToPtr(SRE(:, 15), mxGetPr(GIGII), NR) 
status4 = engPutMatrix(ep, GIGII) 
ERROR = mxCreateFull(NR, 1,0) 
call mxSetName(ERROR, 'ERROR') 
call mxCopyReal8ToPtr(SRE(:, 16), mxGetPr(ERROR), NR) 
status4 = engPutMatrix(ep, ERROR) 
CRACKL = mxCreateFull(NR, 1,0) 
call mxSetName(CRACKL, 'CRACKL') 
call mxCopyReal8ToPtr(SRE(:, 17), mxGetPr(CRACKL), NR) 
status4 = engPutMatrix(ep, CRACKL) 
PZL = mxCreateFull(NR, 1,0) 
call mxSetName(PZL, 'PZL') 
call mxCopyReal8ToPtr(SRE(:, 18), mxGetPr(PZL), NR) 
status4 = engPutMatrix(ep, PZL) 
FXCRACK = mxCreateFull(NR, 1,0) 
call mxSetName(FXCRACK, 'FXCRACK') 
call mxCopyReal8ToPtr(FCRACK(:, 1), mxGetPr(FXCRACK), NR) 
status4 = engPutMatrix(ep, FXCRACK) 
FYCRACK = mxCreateFull(NR, 1,0) 
call mxSetName(FYCRACK, 'FYCRACK) 
call mxCopyReal8ToPtr(FCRACK(:, 2), mxGetPr(FYCRACK), NR) 
status4 = engPutMatrix(ep, FYCRACK) 
DEALLOCATE (SRE, FCRACK) 
if (statusl . ne. O) then 
write(6, *)'engPutMatrix failed' 
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stop 
endif 
if (engEvalString(ep, 'RF=sgrt(FY. ^2+FX. ^2); ') ne. 0) then 
write(6, ')'engEvalString failed' 
stop 
endif 
if (engEvalString(ep, 'save(MATFILE); ') . ne. 
0) then 
write(6, *)'engEvalString failed' 
stop 
endif 
print 'Type 0 <return> to Exit' 
print "Type 1 <return> to continue' 
read(*, *) temp 
if (temp. eq. 0) then 
print *, 'EXIT! ' 
stop 
end if 
if (engEvalString(ep, 'close; ') . ne. 
0) then 
write(6, *)'engEvalString failed' 
stop 
endif 
call mxFreeMatrix(NUX) 
call mxFreeMatrix(NUY) 
call mxFreeMatrix(NFX) 
call mxFreeMatrix(NFY) 
call rnxFreeMatrix(UKIN) 
call mxFreeMatrix(RKIN) 
call mxFreeMatrix(UTIME) 
call mxFreeMatrix(RTIME) 
call rnxFreeMatrix(UX) 
call mxFreeMatrix(UY) 
call mxFreeMatrix(RX) 
call mxFreeMatrix(RY) 
call mxFreeMatrix(UFX) 
call mxFreeMatrix(UFY) 
call mxFreeMatrix(GI) 
call mxFreeMatrix(GII) 
call mxFreeMatrix(GT) 
call mxFreeMatrix(GIGII) 
call mxFreeMatrix(FYX) 
call mxFreeMatrix(ERROR) 
call mxFreeMatrix(CRACKL) 
call mxFreeMatrix(PZL) 
call mxFreeMatrix(FXCRACK) 
call mxFreeMatrix(FYCRACK) 
call mxFreeMatrix(MATFILE) 
status = engClose(ep) 
if (status ne. 0) then 
write(6, ")'engClose failed' 
stop 
endif 
stop 
end 
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INCLUDED WITH THE BOOK ARE 
RED/BLUE SPECTACLES 
Red/Blue spectacles for SEM Stereo Images 
in Appendix A 
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